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CHAPTER 1 - INTRODUCTION 
History of radial keratotomy 
In the past decades, refractive corneal surgery has developed into a subspecialty 
within Ophthalmology. A multitude of procedures has been designed, that can roughly be 
grouped in penetrating and lamellar procedures.1 The text of this thesis is restricted to 
radial keratotomy (RK), an incisional procedure to obtain a corneal curvature change to 
reduce mild to moderate myopia. 
The earliest clinical operations on the cornea to correct refractive errors of the eye 
were performed in the second half of the nineteenth century by various surgeons (H.A. 
Schiotz, W.H. Bates, E. Faber, and J. Lucciola).2"7 The first known research experiments 
to evaluate the effects of keratotomy were done by L. Lans (1869-1941) in the 
Netherlands. He received his doctor's degree for his thesis entitled "Experimental studies 
of the treatment of astigmatism with non-perforating corneal incisions".8 The major goal 
of the operation was to reduce high astigmatism after cataract extraction. However, 
keratotomy procedures did not become a routine method for postoperative refractive 
corrections. 
After a time interval of several decades, professor T. Sato (1902-1960) of Japan 
introduced posterior corneal incisions to create an artificial hydrops in keratoconus 
patients, which resulted in posterior corneal scarring and therefore regression of 
kerectasia.' The flattening effect of the incisions could be further increased by adding 
anterior incisions, and in the 1950's antero-posterior keratotomy evolved as a routine 
procedure to correct myopia in Japan.10·" As was to be expected, Sato's modified 
keratotomy procedure was abandoned when the function of the endothelium became 
apparent.12 
However, keratotomy procedures with anterior corneal incisions only, were re-
introduced in Russia in the late 1960's.13 Although large numbers of patients were treated 
by several surgeons, S. Fyodorov was the initiator of the standardized anterior RK 
procedure, for which normograms were used to improve predictability of refractive 
outcome.14 In the early 1970's Fyodorov used a freehand razor blade fragment in a blade 
holder, whereas later he developed crystal blades fitted in a micrometer knife. 
L. Bores, who was taught the technique of RK in Russia, popularized the 
procedure in the United States after its introduction in 1978.15 The surgical technique and 
the instrumentarium of RK were modified to improve the surgical precision and safety, 
for example by using centrifugal instead of centripetal incisions, reducing the number of 
incisions, and the introduction of the diamond bladed micrometer knife, the gauge block, 
and the ultrasonic pachometer.16 However, different surgeons using different techniques 
and instruments reported variable success rates, that called for an objective evaluation of 
RK. Hence, several clinical studies were initiated,17 among which the "Prospective 
Evaluation of Radial Keratotomy" (PERK) study, the largest United States multicenter 
trial that was started in 1982.18 
These studies revealed that surgical technique and long-term, individual wound 
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healing were major determinants in eventual refractive outcome.19,20,21 Incision number 
and dimensions, i.e., incision length, depth and shape, were found to have a variable 
effect on corneal curvature change.19 To anticipate on the effect of wound healing after 
RK, a deliberate postoperative overcorrection must be obtained to balance the regression 
in effect due to wound healing. Unfortunately, the regression varies among individuals; 
wound healing is unpredictable and may cause over- and undercorrections and daily 
fluctuations in visual acuity and refractive error.22 Furthermore, in about a third of the 
patients that underwent RK, a continuous shift in hyperopic direction has been 
recognized.23 Although its mechanism is not yet understood, this shift is believed to be 
related to the individual wound healing response.24 The clinical appearance of the 
incisions suggests that long-term wound healing is never complete, because the incisions 
have epithelial plug remnants, a relative low tensile strength, and a non-transparent slit-
lamp appearance, years after surgery.25 
Scope of the thesis 
The purpose of this thesis is to contribute to a further improvement in surgical 
precision by evaluating the experimental effects of keratotomy incision techniques in 
human cadaver eyes and monkeys, and to add to our understanding of wound healing 
events following keratotomy by the histopathological analysis of unsutured, sutured and 
reopened-and-sutured corneal wounds in humans and monkeys. 
In chapter 2.1 through 2.S, the literature relevant to the scope of the thesis is 
reviewed. In chapter 3.1 and 3.2, the effects of keratotomy incision direction, blade 
configuration, knife action and intraocular pressure on incision dimensions are evaluated. 
In chapter 3.3, the effect of a three-incision keratotomy pattern is compared to a four-
incision pattern. In chapter 4.1, it is shown how different types of incisions affect corneal 
wound healing. The variation in healing over the length and depth of unsutured wounds is 
discussed in chapter 4.2, and the role of the epithelium in stromal healing is evaluated in 
chapter 4.3. In chapter 5.1, unsutured wound healing morphology is compared to that in 
sutured wounds, and an explanation for the differences in healing between both types of 
wounds is presented in chapter S.2 and 5.3. In chapter 6, wound healing in keratotomy 
wounds, that were reopened and sutured in a secondary operation, is compared to that of 
unsutured and sutured wounds. In chapter 7, the results on surgical technique are 
compared to those in the literature, and the data on wound healing in monkeys and 
humans are integrated to present a theory on the sequence of events in unsutured corneal 
wound healing. 
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CHAPTER 2 - LITERATURE REVIEW 
2.1 - Corneal development 
During the fifth week of gestation, the primary optic vesicle develops from an 
invagination of the cranial neurectoderm. The optic vesicle induces the formation of a 
lens vesicle and the surface ectoderm overlying the lens vesicle differentiates into a 
double layered (corneal) epithelium.'"* 
Controversy exists about the contribution of ectoderm and neural crest in the 
formation of the corneal stroma in subsequent phases of development. In avians, the fetal 
epithelium has been documented to deposit an acellular, collagenous layer, the primary 
stroma, which may serve as a directional membrane for neural crest cell invasion.2·5-8 In a 
first wave of migration from the perilimbal area, the posterior surface of the primary 
stroma is populated by a single layer of cells, that will differentiate into endothelial cells. 
In a secondary migratory wave, the primary stroma itself is invaded by neural crest cells 
from the limbus. These fibroblastic cells deposit mature collagen fibers onto the primary, 
immature fibers, to form the secondary stroma.9 This process that is called "swelling" of 
the primary stroma proceeds from posterior to anterior, while the epithelium continues to 
deposit immature fibers superficially. Neural crest cell migration and differentiation may 
be controlled by the lens vesicle.2,i·6 If the lens is removed in early phases of 
development, an accelerated invasion of mesenchymal cells results in the formation of a 
sclera-like tissue, and the endothelium and Descemet's membrane fail to develop.2,5"8 
Although a subepithelial collagenous layer may be formed in the fetal period of 
most vertebrates,10 this primary stroma may not be as highly organized in mammals as in 
avians.6 In rabbits, monkeys and humans, only a relatively small amount of collagenous 
filaments and proteoglycans have been laid down prior to the biphasic fibroblast invasion. 
Therefore, although an initial extracellular matrix may be deposited by the epithelium, 
this primary stroma may have limited capacity to serve as a directional membrane; 
fibroblasts themselves would be responsible for the eventual orthogonal pattern of 
lamellae in primates.2'6·""14 
After the second month in human embryo, the number of fibroblasts and collagen 
fibers increases and partially-sulphated proteoglycans are deposited. Type I collagen is 
deposited throughout fetal development, whereas type III collagen is only present up to 
the fourth month.15 Initially chondroitin-sulfate, hyaluronic acid and little keratan sulfate 
are synthesized. Probably due to deturgescence related to increased sulfation of 
proteoglycans, the stroma swells and becomes translucent. In later phases of healing the 
synthesis of hyaluronic acid decreases and that of keratan-sulfate increases.15,16 Thereafter 
the stromal thickness decreases gradually while its "dry-weight" remains constant. 
Stromal lamellae are formed by stromal compaction, proceeding from posterior to 
anterior, and the stroma becomes transparent.17·18 
The epithelium increases in thickness from three layers at four months of 
8 Chapter 2.1 
gestation, to 4 layers at birth, and to 5 to 6 layers in the neonate.18 Epithelial basement 
membrane components (type IV collagen and laminin) are present at two months.15 
Bowman's membrane arises during the fifth month.12 It may be produced by anterior 
stromal fibroblasts or the epithelial cells, or an epithelial-stromal interaction. Although 
Descemet's membrane components are laid down in the second month, an organized 
Descemet's membrane, an endothelial layer with tight junctions and the anterior chamber 
develop in the fourth month of gestation.12·18"20 
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2.2 - Microscopic functional corneal anatomy and biochemistry 
The comea is composed of five anatomical layers: the epithelium and its basement 
membrane (± 50 μτη), Bowman's layer (8-14 μτη), the stroma (± 500 /tin), Descemet's 
membrane (10-12 /im), and the endothelium (4-5 /ш). 1 5 
The tear film 
Although not a pure anatomical structure, the pre-corneal tear film is important in 
corneal health and function. The classically described tear film was considered to be a 
three-layered structure consisting of an inner mucous layer (0.2-1 μπι) secreted by the 
conjunctival goblet cells and crypts of Henle, and the perilimbal glands of Manz; a 
middle aqueous layer (6-10 /¿m) secreted by the lacrimal gland and the accessory glands 
of Krause and Wolfring in the tarsal conjunctiva and the fomices; and an outer lipid layer 
(0.1-2 μπι) secreted by the Meibomian glands, and the smaller eyelid glands of Zeiss and 
Moll.1·6"8 However, it may be more accurate to conceptualize the tear film as a two-
layered structure consisting of a lipid and aqueous layer moving independently from each 
other. These dynamic layers float on a mucous layer that is attached to the epithelial 
glycocalyx.9"12 
By reducing the surface tension over the hydrophobic epithelial cell surface, the 
mucous layer allows the formation of a hydrophilic aqueous film over the cornea upon 
opening of the lids.8·1' The lipid layer that is anchored at the upper and lower Meibomian 
orifices, forms a monomolecular layer over the aqueous layer after each blink, and limits 
the evaporation of aqueous.10·" Because the tear film (including the mucous layer) is only 
7-10 μπι in thickness, it is subjected to surface tensions rather than gravitational forces. 
Thus, due to a limited hydraulic flow, an optically smooth anterior corneal surface is 
produced that is temporarily "stable". Other functions of the tear film are to serve as a 
lubricant during the shearing action of the eye lid over the cornea, to regulate corneal 
hydration, to supply oxygen for the aerobic epithelial metabolism, and to transport 
inorganic biochemical substances and antibacterial proteins, such as glucose, lysozym, 
lactoferrine, betalysin and immunoglobulins.1·6·7·10"12 
Lid discongruency to the cornea, surface irregularities, and epitheliopathies may 
interfere with tear resurfacing. Before epithelialization, the raised wound edges of corneal 
incisions may disrupt the tear film. In later phases of healing, small epithelial 
irregularities may be levelled off by the tear film and the epithelium, by which a new 
smooth optical surface is created.7·13·15 Local "tear film pooling" where the eyelids meet 
may normally result in iron deposits (Hudson-Stähli lines) at the inferior corneal third. 
After radial keratotomy (RK) the elevated incision sites give rise to a stellate iron line due 
to pooling of tears in between the incisions.14 
The epithelium 
The corneal epithelium is composed of five to six layers, consisting of a 
nonkeratinized, stratified, squamous epithelium: a single layer of columnar, basal cells; 
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two to three layers of "wing" or polygonal cells; and two layers of flat, squamous, 
superficial cells. Epithelial stem cells are located at the limbus,16"18 where the epithelium 
becomes continuous with the conjunctival epithelium. By the continuous centripetal 
growth from the limbus, complete epithelial turn-over is established in one week. The 
epithelial cells also grow anteriorly from the basal to superficial cells layers, where the 
oldest, superficial cells are desquamated.1·2·6·14·1921 With scanning electron microscopy, 
younger superficial cells can be distinguished from older ones by their light or dark 
appearance, that may reflect decreasing cell surface differentiation with longer cellular 
life span.22·23 Within the epithelial layers, four other types of cells are found: the 
branching axon terminals of neurons from the fifth cranial nerve; quiescent melanocytes, 
that may become activated after corneal wounding or vascularization; rare lymphocytes, 
that probably originate from the tear film; and dendritic Langerhans cells in the peripheral 
cornea, which may be involved in peripheral, immunological corneal disorders.2,4·24"26 
The superficial cells, measuring about 45 μπι in diameter and 4 /tin in height, are 
characterized by the presence of microvilli (0.5-1 μπι) and microplicae (0.5 urn) on their 
anterior surface, few cell organelles, a flat nucleus, and continuous tight junctions 
(zonulae occludents) around the entire lateral cell border. By enlarging the surface area, 
the microplicae and microvilli, and the glycocalyx that covers these structures, are 
involved in the retention of the mucous layer that carries the aqueous tear film layer.2·4·6·12 
The increased cell surface may also facilitate metabolic processes such as oxygen 
absorption, over the anterior cell membrane. The tight junctions are formed by fusion of 
the outer layers of two trilaminar cell membranes into a five-layered membrane between 
two cells. In the superficial epithelial cell layer, these junctions form a complete barrier 
to fluid passage through the intercellular spaces. An inward flow of nutritional and solid 
metabolic factors is therefore blocked, so that the corneal epithelium depends on its 
nutrition from the anterior chamber. Similarly, a forced outward flow is be blocked so 
that intra-epithelial edema and bullae may develop, for example with glaucoma. Although 
fluid accumulation within intercellular spaces in deeper epithelial layers is limited by 
desmosomal junctions (maculae adherents), the development of a "halo" around each cell 
is clinically observed as epithelial shagrin.2·6·27 
An intact cell surface layer and tight junctions contribute to the cornea's defense 
against adherence and invasion of microorganisms. In diabetics, or due to poor fitting or 
chronic hypoxia in contact lens wear, the epithelium shows increased staining with 
fluorescein, which may indicate an incomplete superficial epithelial cell barrier to 
fluid.29,29 An increased fluorescence over keratotomy wounds may therefore suggest that 
the epithelial barrier function is compromised over these wounds. When further 
compromised by tear film irregularities, the weakened cellular defense may increase the 
risk of late onset microbial keratitis after keratotomy.30"35 
The transitional cells in between the basal and superficial cell layers are termed 
"wing cells" for their convex and concave shapes at their anterior and posterior surfaces 
respectively, and their wing-like extensions. The wing cells appear to modify their shape 
to that of neighbouring cells; they "fill in" the area between the single row of basal cells 
and the superficial cells, when malappositioned underlying structures are levelled off by 
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the epithelium. The cell cytoskeleton is preserved by arrays of cytoplastmatic 
tonofilaments. The filament bundles converge toward focal thickenings in the cell 
membrane associated with the desmosomal junctions. These attachments between cells 
increase in number toward the outer cell layers. The junctional integrity and the multiple 
interdigitations between epithelial cells, provide lateral stability to the surface epithelium, 
and may explain why the epithelium can be dislodged in sheets in disease states.2·4,6·27·36 
Both the cell cytoskeleton and desmosomal junctions are weakened by absence of the 
sensory innervation of the comea, which may relate to the occurrence of epithelial 
erosions in exposure keratitis and neurotrophic ulceration in diabetics.28 
The basal cells measure about 10 μπ\ in diameter and 18 μηι in height, with a 
nucleus in the apical part of the cell. These cells form the germinative layer of the 
epithelium. Relatively rich in cell organelles compared to the more superficial cell layers, 
they contain perinuclear rough endoplasmatic reticulum and Golgi apparatus, 
mitochondria, and glycogen storages granules. The cell organelles decrease in number 
with upward migration of the cells. As in the wing cells, the cytoskeleton is preserved by 
tonofilaments; intercellular junctions are formed by (fewer) desmosomes.2·4·6·36 Actin 
filaments adjacent to the cell membrane allow migration after corneal wounding, by 
contraction.37·38 Deposition of iron and melanin that are seen, for example, after radial 
keratotomy, are located in the basal epithelial cell layer.14·39'" 
The basemement membrane 
The basal epithelial cell membrane facing Bowman's layer, rests upon a basement 
membrane, consisting of a lamina lucida and lamina densa.1-6 The epithelium adheres to 
the basement membrane and the underlying comea by attachment complexes, called the 
hemidesmosomes.42·43 Within the basal cells, bundles of intermediate filaments are 
directed toward doubled cytoplasmic electron dense plaques. From these plaques, 
anchoring filaments cross the lamina lucida, and anchoring fibers extend through the 
underlying tissue (Bowman's membrane in humans) and insert into electron dense patches 
of extracellular matrix, the anchoring plaques.36·44·45 The basement membrane is 
biochemically composed of fibronectin, fibrin, laminin (lamina lucida and densa), and 
type IV collagen (lamina densa). The anchoring fibers contain types VII collagen and the 
anchoring plaques type VI collagen.6·42·4*48 The hemidesmosomes express bullous 
pemphigoid antigen.49 
The epithelial cells interact with the basement membrane through integrine, which 
are integral cell membrane proteins that transmit bidirectional signals across the cell 
membrane. These proteins bind intracellular^ to the cell cytoskeleton and extracellularly 
to counter-receptors of adjacent cells and extracellular matrix ligands such as laminin, 
fibronectin, and collagen.49"52 The integrins are characterized by various a and ß subunits. 
The integrin α6β„ located at the basal surface of the basal epithelial cells, is associated 
with the hemidesmosomal complex (see chapter 2.5).51,53 
Duplication of the basement membrane may result from repeated epithelial injury, 
and is seen with increasing age, in diabetics, in Fabry's disease, in keratoconus, in 
postherpetic erosions after herpes simplex and herpes zoster keratitis, with epithelial 
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basement membrane dystrophies and recurrent erosions, and epithelial exposure to high 
levels of vitamin A.6·3 6·5 4"6 6 The lack of a continuous attachment complex extending from 
the epithelial cell cytoskeleton into Bowman's layer may explain poor epithelial adherence 
and delayed healing. Transient map-dot-fingerprint changes of the basement membrane 
may occur after keratotomy procedures, and may be attributed to manipulation of the 
wound edges during surgery.67 
Bowman's layer 
Bowman's layer is present in primates and some avians, whereas it is very thin or 
absent in other vertebrates. In humans it is 8-16 /im thick, and composed of a 
homogenous, feltwork of loosely packed, random dispersed, collagen fibrils. The fibrils, 
13-36 nm in diameter and consisting of types I, III, V and VI collagen, are embedded in 
a mucoproteinaceous ground substance similar to that of the stroma.47,48 Bowman's layer 
is acellular, except for the perforating nerves that innervate the epithelium.1"* In the 
extreme periphery, it tapers off to merge with the sclera.1,5 The anterior Bowman's layer 
shows a distinct undulating surface, whereas its posterior side blends with the obliquely 
arranged superficial stromal lamellae.1 Attachment to the stroma may be further enhanced 
by the presence or paired fibers, extending perpendicularly over the posterior Bowman's 
layer into the stroma.5 
Although its function is unknown, Bowman's layer has been hypothesized to 
stabilize the corneal curvature. Due to its inelasticity, the corneal radius may not alter 
with changes in stromal hydration.68 Instead, stromal edema may cause a posterior 
protrusion with relaxation of Descemet's membrane, that is clinically observed by the 
appearance of Descemet's folds.27 However, excimer laser photoablation of the central 
Bowman's layer apparently does not result in corneal instability.69 
The stroma 
The stroma accounts for about 90% of the corneal thickness. Less than 5% of its 
volume is occupied by cellular elements. Basically, the stroma consists of a highly 
organized matrix, embedded in a viscous substance that allows 78% of the stromal 
volume to hold water. The organization of the matrix allows the cornea to meet its 
requirements for optical transparency, mechanical stability of the refractive surface, and 
strength to assure integrity of the globe.M·6 The matrix can be conceptualized as a 
structure built of increasingly smaller building blocks; the stroma consists of lamellae, the 
lamellae consist of collagen fibers, the fibers consist of chains of tropocollagen units, and 
these units consist of polypeptide chains. 
The stroma consists of 200-500 superimposed lamellae, each 1.5-2.5 μτη in 
thickness and 9-260 /tm in width. The length of the lamellae encompasses the entire 
corneal diameter; they cross at approximately straight angles to each other. In the 
periphery, the lamellar arrangement may be less organized.14,70 The lamellae appear to 
have an interweaving pattern in the anterior third of the cornea (that is slightly more 
reflective when viewed with the slit-lamp), but an arrangement perfectly parallel to the 
corneal surface in the mid-posterior stroma. Due to the lamellar organization, the comea 
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has a high tensile strength along its surface, whereas the interlamellar cohesive forces are 
rather weak.71,72 The anterior corneal stroma has been suggested to represent all layers of 
the skin. The epithelium would be equivalent to the epidermis, Bowman's layer to the 
papillary dermal layer, and the anterior stroma to the reticular dermal layer. The deeper 
stroma would represent subcutaneous tissue.3 
Each lamella consists of numerous uniformly spaced collagen fibrils running 
parallel to each other and to the lamellae themselves. Fiber orientation may be vertical in 
the anterior stroma, toward the four rectus muscles in the mid stroma, and circular in the 
posterior-peripheral region.1,73 However, short peripheral lamellae connecting two limbal 
points may ultrastructurally have been misinterpreted to reflect the existence of a 
"peripheral circular ligament" (Kokott's ligament).2·27·70·7476 A three-dimensional 
filamentous network has been described between the posterior lamellae.77 On average, the 
collagen fibers measure 22-32 nm in diameter in the central cornea, and up to 70 nm in 
the periphery near the gradual transition into scleral fibers.1·2·6·78·79 The fibers may show 
little variation in diameter over corneal thickness,6·80 although an increase in diameter 
towards the posterior surface has been described.1·1" With age, the overall fiber diameter 
may increase with an associated decrease in interfibrillar distance.82 
Each collagen fiber consists of microfibers assembled from tropocollagen units. In 
the fibroblast's rough endoplasmatic reticulum and Golgi apparatus, pro-a-peptides chains 
are produced. The amino acid sequence of the chains is highly regular with a high content 
of glycine, proline, and hydroxyproline. After hydroxylation and glycosylation the рго-α-
chains intertwine into a three helical polypeptide chain called procollagen.83"86 After 
secretion by the fibroblast, the amino and carboxyl terminal ends of the molecule are 
cleaved by extracellular procollagen peptidases, to produce a tropocollagen unit, 2400-
3000 A in length. These units blend spontaneously in an "quarter staggered array"; 
overlapping tropocollagen units form a collagen fiber of indefinite length with a 
macroperiodicity of ±670 A.8387 Crosslinkage among the tropocollagen units results in a 
microperiodicity of 60-64 A.1·84·85 
Of the thirteen known types of collagen, four have been detected in the stroma, 
and these account for over 70% of the stromal "dry" weight.6 The different types of 
collagen are distinguished by their combination of α-chains in the helix. There are four 
types of chains: αϊ, α2, αΑ, and αΒ, with some heterogeneity. The most abundant type 
of collagen in the stroma and Bowman's layer is type I collagen, that consists of two αϊ 
and one a2 chains, designated as [α1(Γ)2α2].48·86·88·89 Type III collagen [al(III)j] shows a 
co-distribution with type I.48·86·88·89 Type V collagen [al(V),a2(V),a3(V)] is diffusely 
distributed throughout the stroma and may have a role regulating fiber diameter and 
spacing of type I and III collagen fibers.48·86·8890 Type VI collagen may be present as a 
fine filamentous network in between the type I and III fibers, to provide mechanical 
strength by restricting lateral displacement of these fibers.47·9194 
The collagen fibers are surrounded by proteoglycans (= mucopolysaccharides), 
that consist of negatively charged glycosaminoglycans (GAG's), i.e., disaccharide 
repeating units, bound to a protein core. The GAG's are negatively charged because they 
contain carboxyl and sulfate groups. Although the globular domain with the GAG-tail can 
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be visualized as a 'tadpole' in rotary shadowed electron microscopy, the physiologically 
dissolved GAG's are invisible and therefore referred to as "amorphous ground 
substance".4·'5·9* Mainly two types of GAG's are present within the stroma: 65% of the 
GAG's is keratan-sulfate proteoglycan (KSPG) containing the saccharides D-galactose and 
N-acetyl-glucosamine, and 30% is chondroitine-sulfate proteoglycan (CSPG) containing 
the saccharides N-acetyl-galactosamine and D-glucuronic acid.86·95,97 
The collagen fibers have specific binding sites for each type of proteoglycan, and 
the interaction is established by electrostatical bounds between the protein core of the 
proteoglycan and the fiber circumference. CSPG forms a linear array perpendicular to the 
fibers, thereby connecting the fibers, and the length of the CSPG molecule determines the 
interfibrillar distance. KSPG fills in the space between the fibers.79,95 Because the 
synthesis of CSPG is oxygen dependent, KSPG is preferentially produced in the stromal 
areas subjected to lower oxygen levels; the KSPG/CSPG ratio increases toward the 
posterior and central comea.79·96·98 By binding cations, the negatively charged 
proteoglycans obtain a high osmotic value, and can take up large amounts of water. The 
total osmotic force that is called the imbibition pressure of the stroma, is determined by 
the total amount of KSPG and CSPG and their ratio.95·*6·98100 The physiological role of the 
proteoglycans in corneal hydration and transparency is discussed in chapter 2.4. 
The stroma contains only few types of cells: predominantly keratocytes, 
Schwann's cells around neuronal axons, and sporadic inflammatory or histiocytic cells. 
The keratocytes are located in between the lamellae. The exhibit long, cytoplasmatic 
extensions that fuse with those of neighbouring cells in tight junctions. The quiescent 
keratocyte contains all cell organelles for protein synthesis: free ribosomes, rough 
endoplasmatic reticulum, Golgi apparatus, and mitochondria.1·3,4 After corneal wounding, 
the number of cell organelles increases with transformation of keratocytes into "activated" 
fibroblasts. 
Descemet 's membrane 
Descemet's membrane is the basement membrane of the endothelial cells.1 During 
fetal development, the anterior portion of Descemet's membrane is produced, that is 
characterized by regularly arranged fine collagenous filaments, 10 nm in diameter. The 
filaments lay parallel to the corneal surface, and join at nodular thickenings. When 
viewed in cross section with electron microscopy, the prenatal Descemet's membrane 
shows a "railroad track" pattern, with a vertical periodicity of 100 to 110 nm.2,3·6 When 
viewed in parallel section, the filaments show a hexagonal array.6 At birth, Descemet's 
membrane is 2-4 μπι in thickness. Posterior to this banded portion, a nonbanded portion 
with a homogenous, granular appearance is deposited by the endothelium throughout life. 
This postnatal, posterior Descemet's membrane increases to 2 ^m in width at 10 years of 
age, to 10 /tm at 80 years.M·6·101103 
The anterior Descemet's membrane merges with posterior stromal collagen fibrils; 
short fibers are found perpendicular to the interface between the stroma and Descemet's 
membrane.5 The attachment may be rather weak, since Descemet's membrane is easily 
separated from the anterior cornea. In the peripheral cornea, Descemet's membrane and 
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the basement membrane of the trabecular meshwork endothelium fuse in a collagenous 
ring, called Schwalbe's line.1·4·5 Central to this transitional ring, posterior protrusions (the 
Hassall-Henle warts) are found. Abnormal endothelial cells overlay these warts, and fill 
in the recessions in between the warts with cytoplasmic extensions. Although the exact 
cause for development of the warts is unknown, they may relate to an abnormal, 
fibroblastic endothelial phenotype. Peripheral warts are physiologically present in adults, 
but central warts, called guttata, are considered pathological.1·2·4·6·101 
Biochemically, Descemet's membrane contains fibronectin, types IV, V and VI 
collagen and a glycoproteinaceous ground substance similar to that of the stroma.6,27·47,48 
Although it lacks elastin, Descemet's membrane is strong and elastic. Its structure may 
not contribute to maintaining corneal shape, but in the absence of the anterior corneal 
layers, Descemet's membrane can withstand increased intraocular pressure. Descemet's 
membrane further protects the integrity of the globe by its resistance to invasion of 
bacteria and inflammatory cells, ingrowth of vessels, and proteolysis.27 In full-thickness 
keratotomy incisions, Descemet's membrane has been reported to protrude anteriorly as a 
Descemetocèle.104 When Descemet's membrane is disrupted, it curls up toward the 
stroma. A small gap, for example with a microperforation, is covered by endothelial 
cells, that will subsequently produce a "new" Descemet's membrane. Larger disruptions 
may be complicated by retrocorneal fibroplasia or epithelial downgrowth.27·103,105 
The endothelium 
To assess its purpose of maintaining corneal clarity by deturgescence of the 
stroma, the endothelium is clinically examined by specular microscopy for its average cell 
density, cell size and cell shape.106 The endothelial cell density decreases from 3000 to 
4000 cells/mm2 at birth to 1400 to 2500 cells/mm2 in adulthood. If cell density drops 
below 400 to 700 cells/mm2, sufficient deturgescence can no longer be obtained and 
stromal edema will develop. In the young adult, the endothelial cell is 4-6 μιπ in height 
and 15-20 μτη in width, and 60 to 75% of the cells have an hexagonal shape.1,3"6·107 Since 
adult cells are nearly amitotic, endothelial cell loss during life is followed by migration 
and spreading of neighbouring cells, to preserve a continuous monolayer of cells.107,108 
The cells involved in cell replacement will change their dimensions, i.e., cell size and 
shape. Cell loss is therefore reflected by the degree of polymegatism (= coefficient of 
cell size) and polymorphism (= percentage of hexagonal shaped cells) of the endothelial 
layer.6,27·106·10' 
According to the histological nomenclature, the corneal endothelium is a 
"mesothelium", because it lines a body cavity and the cells may have potential to 
differentiate into fibroblasts. These properties are not attributed to vascular endothelial 
cells.3 On an ultrastructural level the endothelial cells contain a large central nucleus, that 
takes a more eccentric location with increasing age. An abundant number of mitochondria 
may relate to the active metabolic "pump function" of the cells. Free ribosomes, rough 
endoplasmatic reticulum and Golgi apparatus indicate protein synthesis, probably 
reflecting the production of new Descemet's membrane components and glycoproteins that 
are secreted to increase the wettability of the posterior cell surface ("buffy coat"). The 
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lateral cell membranes show large interdigitations with gap junctions between 
neighbouring cells. At the anterior surface no hemidesmosomes are found. Cellular 
adherence to Descemet's membrane may be achieved by the continuous production of new 
Descemet's membrane by picnotic vesicles that adhere to Descemet's membrane.1·2·4·6110 
Their fragile attachment may explain the local loss or damage of endothelial cells 
underneath nonperforating keratotomy incisions.111114 
Although the exact components of the endothelial cell 'pump' are unknown, the 
enzyme sodium-potassium ATP-ase is believed to create an osmotic gradient by a 
transcellular transport of ions toward the anterior chamber, that results in passive 
diffusion of fluid in the same direction. The efficacy of the pump is counteracted by 
leakage of aqueous through intercellular spaces into the stroma.1·6·107 To minimize 
leakage, specialized junctions, i.e., a combination of a tight junction and a desmosome, 
are present between the apical cell membranes of adjacent endothelial cells (the 'terminal 
bar' in the 'marginal fold'). These junctions are not a complete barrier to fluid. The 
resistance of the intercellular passway is further enhanced by the multiple interdigitations 
between the cells, that elongate the passway.1·4·6·27·106 A hexagonal cell configuration in a 
monolayer of cells, provides the cells with the largest cell surface area, combined with 
the shortest cell circumference. As a result the number of organelles, i.e., the pump 
function, is most advantageous relative to the (length of) entrance sites for fluid. 
Therefore, adequate stromal deturgescence depends on the endothelial pump function, and 
the fluid barrier function. As long as the endothelial cells can spread to maintain a 
confluent monolayer, both functions may be sustained.6 When either function is 
compromised (for example a decreased pump function in Herpes simplex keratitis and a 
decreased barrier function due to guttata or keratic precipitates in uveitis) the endothelium 
may decompensate, and stromal edema will develop.2·6·107 
Innervation 
The comea is innervated by branches of the long and short ciliary nerves that 
arise from the ophthalmic division (and possibly the maxillary division) of the trigeminal 
nerve,1·6 and by sympathetic fibers from the superior cervical ganglion.115 From the 
limbus, 10-70 nerve branches enter the mid stroma in a radial pattern. These branches, 
that contain a Schwann cell cover up to 1-2 mm from the limbus, anastomose into a 
subepithelial plexus. From the plexus, small branches penetrate Bowman's layer, to 
become unwrapped, intra-epithelial axon terminals.1,6·116 
The efferent trigeminal pathway provides corneal sensitivity, reflex tearing and 
Chemotaxis.117 Sensitivity is greater in the corneal center than in its periphery, and 
sensitivity diminishes with age as well as with lid closure or contact lens wear, probably 
due to reduced oxygen supply.109 Controversy exists on whether corneal sensation is 
limited to irritation and pain; touch and thermal senses may also be mediated by corneal 
nerves. Touch localization is poor, probably because each limbal nerve branch innervates 
about one quarter of the comea.109 The afferent pathway is important in maintaining 
epithelial metabolism and mitotic activity, and interruption of this pathway may lead to 
trophic changes such as slower re-epithelialization of corneal erosions or increased 
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fluorescein permeability, for example in diabetics.109116 The sympathetic fibers may also 
be involved in metabolic regulation of the epithelium,115·"6·118 and excessive simulation of 
these fibers may retard epithelial healing.1" 
Although a circular corneal wound may result in a partially denervated area central 
from that wound,120 a radial wound may have little effect on innervation, because of the 
overall radial pattern of the nerves. However, in contrast to the unwounded cornea in 
which nerve endings are limited to the epithelium, regeneration of dissected nerves after 
RK may result in the presence of nerve endings within the wound, and continuous nerves 
may be absent across the wound.121 
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2.3 - Macroscopic functional corneal anatomy and topography 
Corneal dimensions 
The corneal shape is elliptical, with a horizontal diameter of ± 11.7 mm, a 
vertical diameter of ± 10.6 mm, and a total surface area of ± 1.3 cm2. The corneal 
height is ± 2.6 mm above the limbal plane.1·2 In the central, thinnest (0.52-0.56 mm) 
circular corneal region, 4 mm in diameter, the anterior and posterior surfaces are parallel. 
Toward the periphery corneal thickness increases (0.67-0.70 mm) with a steeper posterior 
than anterior surface. Corneal thickness increases slightly with age.2-4 
Corneal power generated by the air-tear interface (43.6 D), the tear-comea 
interface (5.3 D) and the cornea-aqueous interface (-5.8 D), contributes approximately 70-
75% of the total refractive power of the eye (± 60 D). One diopter of corneal power can 
be attributed to the epithelium.5 At birth corneal power is greater (± 47 D), but the adult 
value is already reached at about three years of age.6 The cornea is spherical in infancy, 
astigmatic "with the rule" during adolescence, spherical again in middle age, and 
astigmatic "against the rule" in elderly.7,8 In myopia the corneal curvature is normal." 
When viewed from the side, the cornea is dome-shaped, with a smaller central 
than peripheral radius, and a smaller average radius (± 7.8 mm) than that of the sclera 
(± 11.5 mm).1,3 In approximately 90% of the population the comea is steepest centrally 
and flattens toward the periphery, i.e., the comea acts as a positive aspherical lens. In 
10% the central cornea is flatter than its periphery, so that the comea acts as a negative 
aspherical lens.2·8,9 In addition, the comea is radially asymmetric, since nasal and superior 
quadrants flatten closer to the center than the temporal and inferior quadrants.6,9 
Asphericity improves the sharpness of an image; a spherical lens produces a blurred 
image due to excess power of the lens periphery, a phenomenon called spherical 
aberration.3·6·10 
Surgical factors in refractive keratotomy 
With radial keratotomy procedures, the corneal curvature and therefore the corneal 
refractive power changes. In the intact comea, all lamellae bear the stress created by the 
intraocular pressure and the stress is equally distributed over all lamellae.11·12·13 When 
anterior lamellae are cut, the stress forces will be transferred to the posterior (intact) 
lamellae.2·14 If the comea is considered a tissue that is indistensible and incompressible, a 
redistribution of stress forces after keratotomy may induce peripheral bulging and 
secondary central flattening.6·15 Within the flattened optical clear zone steeper subregions 
may be present,16,17 which may flatten out over time.18 After radial keratotomy, the 
positive aspherical shape of the comea changes into a negative aspheric shape, which may 
result in blurred vision or myopisation when the pupil dilates,'1,17 or unexpected, good 
uncorrected visual acuity despite a residual refractive error.19'24 
In theoretical,15 experimental25"29 and clinical studies,30"32 incision depth, length and 
number have been recognized as the major parameters in refractive outcome.33 Incisions 
less than 50% in depth were found to have very limited effect. However, with increasing 
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depth, incision depth showed a non-linear correlation with corneal curvature change.15 An 
achieved incision depth of 90-95% corneal thickness is considered preferable to 
compromise between maximizing the refractive effect and minimizing the risk of 
microperforation and/or endothelial damage.30"32·34·35 Incision depth may be affected by 
improper blade setting36-38 or pachometry readings,36·39 longitudinal or lateral knife tilt 
error during the performance of an incision,40 and the blade material,4lJM design,36,43 and 
sharpness.37,45 In experimental models, large variations in incision depth along the length 
of an incision was found.20,2529 A decrease in intraocular pressure with each incision may 
hamper the performance of the following incisions, and the incisions may be less deep.26 
Clinical observation suggested that centripetal incisions are deeper than centrifugal 
incisions.35·46,47 Recently the combination of a centripetal incision followed by a centripetal 
incision has been evaluated (see General discussion).4851 Alternatively, the incisions may 
be re-deepened or "squared off' at the edge of the optical clear zone.5255 
Incision length showed a non-linear, positive correlation with corneal curvature 
change.15 In experimental27,28 and clinical studies,30-32 larger optical clear zones were found 
to give less refractive effect. A minimum optical clear zone diameter of 2,7548 to 3 mm is 
used, since smaller optical clear zones sizes are associated with unacceptable amounts of 
glare. Incisions that did not extend up to the limbus were as effective as full-length 
incisions in a rabbit model,56 but less effective in a human cadaver eye model.27 Incisions 
that extend beyond the limbus did not add to the refractive effect obtained.28,30 
The number of incisions showed a positive, non-linear association with refractive 
outcome.15 In experimental studies,25-29 the first four of sixteen incisions were found to 
contribute 62-67% and the first eight 85-89% to the final corneal curvature change. 
Clinical studies substantiated these findings, and an initial four incision keratotomy 
procedure has been suggested, followed by, if necessary, a second four-incision procedure 
with incisions placed in between those previously made, to "titrate" toward the desired 
refractive effect.5759 
The Young-modulus, as a measure for tissue elasticity, was found to show a linear 
association with corneal curvature change. Elastic corneas would deform more easily and 
show more concomitant flattening than stiffer comeas.15 This may in part explain the 
increasing postoperative effect of keratotomy with age, since corneas of younger patients 
may be stiffer than those of older patients.30-33 Although Fyodorov has described60 a 
scleral rigidity formula and collagen density measurements using paralimbal biopsy, no 
clinical routine test is yet available to assess corneal elasticity preoperatively. 
In the theoretical model, the intraocular pressure showed an almost linear 
relationship with corneal curvature change.15 However, in clinical series,30-32,61 the 
intraocular pressure within the physiologic range was not a significant variable in 
refractive outcome. 
When the cornea is considered to be a homogenous tissue, corneal thickness would 
theoretically have a negatively correlated effect on refractive outcome, since an incision 
of for instance 90% depth leaves relatively less posterior tissue in a thinner cornea to bear 
the stress forces within the cornea.15 Clinically, corneal thickness was not a significant 
parameter.30-32 
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To achieve the desired effect, a number of formulas are available that relate the 
surgical and patient parameters."·62 For patients with -1 to -6 Diopters of myopia, most 
studies report an outcome within 1 D of emmetropia in 60-90% of cases after radial 
keratotomy.33-63 A similar percentage of predictability is currently found after excimer 
laser photoablation for myopia.64 Overcorrections are currently treated by suturing 
individual incisions after reopening and removal of the epithelial plug,6567 or by placing a 
circular "purse-string" suture according to intraoperative keratometry readings.67"*9 
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2.4 - Corneal physiology and transparency 
Corneal metabolism 
The avascular cornea depends on its nutrition from diffusion of mainly glucose 
from the anterior chamber, and to a lesser extent on that from the limbus, the tear film, 
and intracellular glycogen storage. Glucose is catabolized through the oxygen-dependent 
Krebs-cycle, and (anaerobic) glycolysis, the hexose mono-phosphate shunt and the 
Embden-Meyerhoff pathway.1"3 The largest oxygen supply originates form the tear film 
(oxygen tension 55-155 mmHg), and a small amount of oxygen is derived form the 
aqueous humor (oxygen tension 30-40 mmHg). The aerobic pathway produces the 
metabolic by-product C02, that diffuses easily over all corneal layers, and that is also 
actively eliminated as HC03" by the endothelium.
3
 The anaerobic pathway becomes 
relatively more important when the atmospheric oxygen supply is reduced, or during 
metabolic stress, for instance with low-oxygen permeable contact lenses.1,4·5 Increasing 
levels of lactate and concomitant tissue acidosis will result in intra-epithelial edema 
(Sattler's veil), osmotically induced stromal edema and endothelial cell dysfunction with 
blebs, polymegatism and focal cell edema, and thus corneal swelling.1·3'4 
Corneal hydration 
To maintain normal corneal water content, i.e., stromal hydration, a passive 
outflow of fluid is established by active transport of HC03. and Na
+
 by the endothelium 
towards the anterior chamber, and СГ by the epithelium towards the tear film.1·2·4·6 The 
osmotic gradient towards the tear film is enhanced by corneal surface evaporation, which 
makes the tear film hyperosmotic and accounts for 5% corneal thinning over the day.1,7 
The outflow of fluid is counteracted by the swelling pressure (SP), that is defined as the 
force that counterbalances the intrinsic tendency of the stroma to swell up (± 55 mmHg). 
The imbibition pressure (IP) is the (negative) swelling pressure under physiologic or 
pathologic conditions, reflected by the formula: IP = IOP - SP. Under physiological 
conditions the imbibition pressure is about 40 mmHg, and the stroma is maintained at a 
relatively dehydrated state, compared to its ability to swell. Hence, in a comea of normal 
hydration the intraocular pressure may rise up to 55 mmHg, or, the cornea may swell to 
0.65 mm at a physiologic intraocular pressure, before epithelial edema develops.1"4 
However, the stromal swelling pressure decreases exponentially with the development of 
corneal edema. In glaucoma or a borderline failing corneal transplant, a relatively small 
rise in intraocular pressure combined with limited stromal swelling may therefore result in 
the collection of subepithelial fluid and epithelial edema.1 
Most of the theories to explain the nature of the swelling pressure are not 
compatible with the negative temperature coefficient of the pressure, i.e., when the 
temperature drops, the swelling pressure increases.4 An osmotic pressure that acts toward 
a Donnan equilibrium may not explain the swelling pressure, because the pressure would 
have a positive temperature coefficient. The swelling pressure does not increase or 
decrease with respectively a hypo- or hypertonic environment,4 and although the 
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concentration of ions is higher in the stroma than in the aqueous, ionic activity is lower in 
the stroma due to binding of cations to proteoglycans.1·3 The tight helical strands of the 
tropocollagen and the firm crosslinkage among collagen microfibrils, do not allow 
swelling of the collagen fiber itself.4·6 Therefore, the interfibrillar distance containing 
proteoglycans must increase, and it may be most likely that negative repulsive forces 
between glycosaminoglycans are responsible for the swelling pressure. 1 , 3 Λ 8 
Since diffusion of fluid is easiest within the small ranges of normal corneal 
hydration, subtle changes in stromal hydration are rapidly corrected. Stromal swelling or 
dehydration impairs the lateral diffusion of fluid, and allows for the formation of localized 
edema or dellen.4 
Stromal swelling has been hypothesized to affect the stress distribution induced by 
the intraocular pressure.9 Due to the less hydrophilic character and the interweaving 
structure of the anterior stroma,10"15 and/or the permeability properties of the epithelial 
and endothelial layers,16 swelling is more pronounced in the posterior stroma. Since the 
anterior corneal curvature has a fixed length, the swelling will have an inward direction 
toward the anterior chamber. The posterior lamellae will become relaxed and the stress of 
the intraocular pressure will shift toward the anterior lamellae. The pressure gradient 
would produce a outflow of fluid from the anterior stroma toward the epithelium, and the 
cornea would thin. Therefore, stress redistribution and concomitant anterior corneal 
thinning may act as a compensatory mechanism in posterior swelling.' 
When an non-perforating incision is made in the unwounded cornea, the stress of 
the intraocular pressure may shift toward the intact posterior lamellae, and a forced fluid 
flow toward the anterior lamellae would result in anterior stromal edema.9 Due to 
differences in hydration between normal and scar tissue, changes in intraocular pressure 
could have different effects on the wounded and unwounded stroma and may result in 
anterior corneal curvature changes throughout the day." 
Corneal transparency 
For corneal transparency three factors are considered important.19 First, the 
refractive index of the fibers approaches that of the amorphous ground substance. 
However, the difference in refractive index between the collagen fibers and the ground 
substance is too large (5-10%) to solely explain the degree of corneal transparency.20 
Second, proteoglycans located between individual collagen fibers keep the fibers at a 
constant distance to each other.21 Since fiber diameter (± 24 nm) and interfibrillar 
distance (+ 55-60 nm) are smaller than half the wavelength of visible light (400-700 nm), 
the stroma may act as a structure with a short-range order}4 Incident light may undergo 
constructive interference (waves in phase with each other double their amplitude), 
whereas scattered light may undergo destructive interference (waves out of phase cancel 
each other).20,22 Hence, 90% of the incident light may be transmitted through the cornea.4 
Third, incident light may be transmitted to such a high degree because the cornea is very 
thin.19 When the inflow of fluid into the stroma increases relatively to the outflow, 
stromal swelling and a concomitant increase in interfibrillar distance and corneal thickness 
may result in light scattering and thus corneal opaqueness.23 
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Controversy exists whether corneal transparency also depends on the lamellar 
regularity of the stromal architecture. When the architecture is distorted, for example with 
local pressure applied to the corneal surface, a reversible opacity is seen.24 However, 
Bowman's membrane lacks a lamellar structure, but is transparent, and even scleral tissue 
may show transparency when its state of hydration increases.4 It was hypothesized that 
distortion and concurrent relaxation of lamellae and their fibers results in an increased 
light scatter by the fibrils. "Collagen-free-spaces" may not develop since ultrastnicturally 
the lamellae remain opposed to each other.24 
In keratotomy wounds, lack of regularity in fiber architecture and spacing, as well 
as an abnormal proteoglycan distribution with excess hydration of the scar (see chapter 
2.5), could explain opacification of the scars.3·25·26 In these wounds that have an overall 
collagen fiber orientation parallel to the wound edges,27 the incident light should be 
almost parallel or oblique to the fibers. If so, the functional interfibrillar distance is 
enlarged and may be expected to cause more scattering and thus a non-transparent 
appearance of the scar. 
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2.5 - Corneal wound healing 
Incisional wound healing 
Healing of linear, non-perforating, penetrating corneal wounds can arbitrarily be 
divided in five healing phases: a first phase of tissue damage, a second phase of tear film 
influx, a third phase of epithelial plug formation, and a fourth phase of stromal healing 
and remodeling. Phases I through III in animal models may be largely representative for 
those in humans, and the literature on different models was combined to describe these 
phases. However, the healing processes in phase IV may differ substantially among 
species, so each model is discussed as a separate category. 
Healing phase I 
The first phase starts immediately after the performance of an incision. The 
epithelium is disrupted on both sides of the incision for 70-100 μιπ from the wound edge, 
and epithelial cells may become inadvertently implanted in the wound.1,2 The lamellae are 
separated, and the wound edges begin to gape due to a redistribution of stress forces 
within the stroma.3"5 The blade exit site was found to be wider than the entrance site, 
irrespective of the direction of the incision.2·6 Keratocytes are killed within 40-200 μπ\ of 
the wound,7·8 and the severance of cells and nerve fibers will result in a release of 
chemotactic and neurogenic stimuli for secretion of inflammatory agents and cells within 
the tears.7·9'14 Deeper incisions may produce folds in Descemet's membrane ("log under 
rug effect") and a vacuolated, edematous endothelial layer.2·6·1522 Animal experiments 
have suggested endothelial cell loss after keratotomy, that could progress due to 
continuous bending of the weakened incision sites.20,23"25 Clinical specular microscopy has 
shown that non-progressive endothelial cell changes do occur, but that endothelial 
morphology underneath the incisions is generally normal one year after keratotomy, like 
after other types of ocular surgery.26"28 
Healing phase II 
In the beginning of the second phase, a hypersecretion of tears will wash debris 
from the wound.29 The exposed wound edges, that lack a fluid impermeable epithelial 
barrier, will swell due to the imbibition pressure of the proteoglycans3·9 and the stress re­
distribution toward the posterior lamellae.4,30 Subsequently, the edges will be covered with 
a matrix of proteins, such as fibronectin.11·31·32 One to six hours after wounding, 
polymorphonuclear leukocytes from the tear film will invade the wound for the 
phagocytosis and hydrolysis of cellular remnants and debris.6·7·11·13·33·34 The leukocyte 
reaction was found to retard epithelial wound closure in-vitro.35,36 After keratotomy, the 
inflammatory reaction is relatively mild when compared to a thermal bum or the presence 
of sutures.7·13 and after 24 to 48 hours the epithelium has grown into the wound and the 
leukocyte reaction subsides.n 
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Healing phase III 
Epithelial healing dynamics following keratotomy may resemble those after a 
corneal abrasion or a keratectomy. The role of the tear film, the cellular changes and the 
final recovery of a smooth corneal surface may show similarities in the different types of 
wounds.11·37 In the first six hours after wounding, the stratified epithelium transforms into 
a single layer of motile cells, that show a change in cell shape, organization and 
specialized structures.37·38 The cells adjacent to the wound edge show a loss of microvilli, 
disruption of the tight junctions with increased desquamation, a rounded configuration 
with a loss of the columnar appearance of the basal cells, a breakdown of 
hemidesmosomes over 50-70 μτη from the wound, and an altered keratin expression.7·37"42 
After this latent period, epithelial wound closure will begin with a constant healing rate of 
60-80 itm/hr in the presence of a basement membrane, and 40-45 /im/hr when a basement 
membrane is absent.39·43-49 The cells of the deep wing and basal layers show flattening and 
enlargement due to increased water content, a ruffled appearance of the cell membrane 
and filopodial extensions, and they form a leading edge with amboide movement. 
Migration requires energy which results in a depletion of intracellular glycogen.7·'"37·39 
The synthesis of proteins involved in migration is increased.32,47·4'·50 The protein 
actin that is normally present in the globular, unpolymerized form (G-actin) at the apical 
cell membrane of all epithelial cells, may have a role in maintaining a regular array of 
microplicae. After wounding, there is an increase in the polymerized, filamentous form 
(F-actin), that accumulates at the basal membrane of cells at the leading, migratory 
edge.51'55 The F-actin fibers are linked by a cytoplasmatic protein vinculin to cytoskeletal 
proteins talin and a-actinin.56·51 The latter proteins or 'focal adhesion plaques' are 
connected with a transmembranal protein integrin, which is in turn attached to 
extracellular connective tissue proteins.58"*1 The most important substrate for cellular 
adhesion in early phases of healing is fibronectin, a dimer consisting of two similar 
subunits connected by two disulfide bounds. Each subunit consists of three types of 
domains that form specific binding sites to fibrin (type I domain), collagen (type II 
domain) and integrine in the cell membrane (Type III domain).31,45·46·62"*5 Although initially 
derived from the tear film, fibronectin may also be produced endogenously after epithelial 
wound closure.46·66 Thus, the fibronectin molecule acts as a temporary intermediate in the 
adherence of cells onto the extracellular matrix before a basement membrane has been 
laid down,67,68 and the actin-integrin-fibronectin system may enable individual cell 
movement.51,52·58,6'·70 Although the integrins are believed to have a role in controlling cell 
shape and adherence during migration, their exact function is still obscure, as illustrated 
by conflicting reports on integrin upregulation during cell migration.58,64 
Apart from migration at the leading edge in which mitotic activity is depressed,3·55 
a continuous centripetal movement of the epithelial sheet by mitoses distant from the 
wound may contribute to epithelial wound closure.48·71'74 The epithelial defect or the 
stromal wound edges are first covered with a monolayer of cells, that adheres to the 
deposited fibronectin matrix.31,37 After the monolayer is complete, a fluid impermeable 
barrier is re-established and the edema at the wound edges resolves.75,76 Epithelial 
ingrowth into the wound proceeds until an epithelial plug has formed, and the epithelial 
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surface becomes continuous and smooth again. 
The levelling potential of the epithelium has been hypothesized to result form the 
mechanical balance between the inward pressure of the tight junctions of the superficial 
layer, and the outward growth pressure of the mitotic basal layer.77 Since the cells at the 
epithelial-stromal interface of a plug will start to show polarity like basal cells,6'·78 the 
mitotic activity within the plug may be expected to result in increased desquamation of 
cells over the incision.16 If so, the formation of epithelial ridges over keratotomy 
wounds15·16 may be explained by an increased, local outward pressure created by a higher 
mitotic activity (over the full depth of the plug) relative to the inward pressure of the 
surface epithelium overlying the plug. It is unknown how the continuous, centripetal 
epithelial movement71'73 is affected by the presence of an incision(s). Do limbal epithelial 
stem cells enter the peripheral end of a radial incision to move over the bottom of that 
incision toward the center, or does the epithelial sheet move over the incision at the level 
of Bowman's layer? The formation of an epithelial attachment complex may be different 
in the developing comea, in scrape wounds, and in keratectomy wounds. In the 
developing comea the deposition of a basement membrane is followed by the synchronous 
formation of hemidesmosomes and anchoring fibrils.7980 In scrape wounds, in which all 
structures above the lamina lucida are removed, hemidesmosomes form opposite to the 
pre-existing anchoring fibrils after re-epithelialization.67·81 Over the bare stromal surface 
of keratectomy and keratotomy wounds a new basement membrane must be deposited.68 
In-vitro, expression of the аД, integrin may proceed the formation of an attachment 
complex.β2_ω In-vivo, the hemidesmosomes may be produced within the first 24 hours, 
laminin by 24 to 48 hours, and anchoring plaques by seven days in small keratectomy 
wounds.86 In larger stromal defects all of these components may be deposited 
synchronously, because the epithelium is still in its migratory phase when attachment 
complex deposition has already begun.86·87 Therefore, epithelial attachment complex 
(reformation in the presence of a denuded basement membrane may be induced by the 
anchoring fibrils, whereas in the absence of a basement membrane it may be induced by 
the hemidesmosomes or the integrin component thereof.82·83·86 
While in scrape wounds epithelial re-attachment may be completed in 5 to 7 
days,81 it may take up to one year in keratectomy wounds.17·19·37·79·87 In human keratotomy 
specimens a complete basement membrane had usually been formed around the entire 
epithelial plug.15'17,19·88 The membrane was sometimes multilaminated, consisting of 
patches of (micro)fibers in between duplicated basement membrane remnants.19·88 
Epithelial attachment may also be dependent on the surface conditions of the wound 
edges, since debris may interfere with the formation of anchoring fibrils.11,89 
Clinically, the epithelial plugs are seen as lucent areas extending at variable depth 
into the wound.90·91 These observations were substantiated by histopathological analysis of 
human keratotomy specimens. Epithelial plugs and inclusion cysts with great variability in 
dimensions among individuals or within the same patient were found to persist up to years 
after surgery.1·19·88 Since the slit-lamp and histological appearances of keratotomy wounds 
suggest that the epithelium grows all the way down into the wound,6·22 the presence of 
these plugs at variable depths at different postoperative times suggests that the epithelium 
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is eliminated from the wound over time.6·16 The presence of these plugs years after 
surgery, may indicate that the dynamic phase of epithelial plug regression is followed by 
a static phase in which regression of the plug becomes interrupted. 
Healing phase IV 
Bowman's layer does not regenerate after wounding. After incisional wounding, 
the gap between the edges of Bowman's layer is filled by the epithelium or fibroplasia.7,9 
The edges of Bowman's layer often show an inward depression.7·16""'20 Small 'islands' of 
Bowman's layer may be created after re-incision of a previously made wound.15,16 
There is a wide variation in the ability to restore corneal anatomy among species. 
In the octopus a complete anatomical reformation occurs within weeks after total excision 
of the comea.92 In a one-year unsutured rabbit wound, the scar may become 
indistinguishable from the adjacent stroma, although it is still disorganized at an 
ultrastructural level.β·93,94 In humans and monkeys the scar may persist indefinitely.1·9 
Therefore, the literature on stromal healing was classified according to the species and/or 
the type of wound. Category A consists of perforating wounds in rabbits, and category В 
consists of non-perforating, penetrating wounds in rabbits. Category С consists of 
nonperforating wounds in experimental models other than rabbits. Category D consists of 
keratotomy wounds in humans. 
Category A 
A major contribution to this category was made by Cintron and coworkers,95 who 
developed a wound healing model using 2 mm circular, perforating wounds in the central 
rabbit cornea. Following wounding, a fibrin clot formed to seal the wound and the 
anterior chamber reformed within 15 to 30 minutes. Within days the opaque wound area 
became translucent and by the third day the epithelium covered the clot. After seven 
days, fibroblasts had accumulated in the anterior stroma underneath the superficial 
epithelial plug. During the second week, an apparent separate population of fibroblasts 
invaded the posterior stroma, while the mid stroma still contained fibrinous clot remnants. 
Matsuda and coworkers8 described a similar sequence of events in the healing of 
perforating incisions in the central rabbit comea. It was speculated that the anterior 
fibroblasts had originated from stromal keratocytes invading the fibrin clot, whereas 
fibroblastic transformation of endothelial cells had resulted in a separate population of 
posterior fibroblasts.8·9*"98 Epithelial cytokines may stimulate (and inhibit) fibroblastic 
activity, since fibroblastic transformation does not occur in the absence of epithelium 
overlying the wound.7,99"103 
Fibroblast orientation may result from several factors, of which the terminology is 
equivocal in the literature. The most important factors are (chemo)taxis (unidirectional 
alignment over a gradient), contact guidance (bidirectional alignment along tissue 
structures), and stress distribution within a tissue (bidirectional alignment to predominant 
stress forces).10*"108 The orientation of the fibroblasts in the anterior stroma was not 
influenced by the orientation of fibrin strands. Instead, the fibroblasts showed a tendency 
to have an overall orientation parallel to the inferior border of the epithelial plug. 
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Subsequent collagen fiber deposition was found to occur parallel to the axis of the 
fibroblasts, which resulted in the formation of a lattice of collagen fibers across the 
wound parallel to the surface epithelium.96·109 Fibroblasts in deeper wound regions, away 
from the plug, showed less organization, but the cells in the posterior stroma had an 
orientation parallel to the posterior corneal surface.96 With the establishment of lamellar 
continuity across the wound, the tensile strength increased.110'1" 
Within the scar, the types of collagen, their distribution and cross-linking pattern, 
as well as proteoglycan distribution may differ from those in the unwounded stroma, but 
may show similarities to those in the developing cornea.'7·"2113 Mainly type I collagen 
was synthesized throughout the wound.98 Type III collagen was restricted to the posterior 
scar"
4
 and type VI collagen to the mid-anterior scar."5·"6 Within the wound, the type V / 
type I collagen ratio was increased,117 and the type VI / type I ratio decreased."3·117 At 
early postoperative time intervals a greater number of fibers was deposited in the anterior 
than posterior scar, with a wider range in fiber diameter (5-50 nm) than in the unwounded 
stroma (± 30 nm).93 
Compared to the normal stroma, the keratan-sulfate (KSPG) / chondroitin-sulfate 
proteoglycan (CSPG) ratio was reduced. KSPG synthesis was restricted to the anterior 
wound regions in two-week old scars. After eight weeks KSPG was also present in the 
mid scar region.97·"8·"9 The KSPG molecule had an altered structure with a low degree of 
sulfation.97·120 The reduced levels of KSPG may be explained by a different oxygenation 
in scar than in normal tissue, a selective KSPG loss from the stroma after endothelial 
damage, or less biochemical detection of the altered, less sulfated KSPG molecule.120"124 
In early scars, hyaluronic acid and an unusually large, highly sulfated type of CSPG 
molecule was synthesized.^118·1" The reduced concentration of KSPG, and the wider 
spacing of collagen fibers and greater hydration of the scar by the abnormal CSPG, may 
relate to the opaqueness of the early scars. After one to two years the synthesis of 
hyaluronic acid ceased and both KSPG and CSPG reached near normal sizes, biochemical 
compositions and distribution patterns. Since the average collagen fiber diameter remained 
constant during healing, an approximation toward normal fiber spacing by proteoglycans 
may be responsible for the eventual greater transparency of the scar."8 The effect of fiber 
orientation on transparency was discussed in chapter 2.4. 
Category В 
The dimensions of non-perforating corneal wounds in rabbits varies with the age 
of the animal.33 Incisions in two-week old rabbits produced a wound gape to such a 
degree that the wound edges stretched out over the adjacent stroma and the wounds re-
epithelialized with a local thinning of the comea. Incisions in one to two year old rabbits 
created 'U'-shaped wounds, that healed with interposition of newly synthesized scar tissue 
between the wound edges.33·125 Using dichlorotriazinyl aminofluorescein (DTAF) to stain 
pre-existing collagen, an interweaving of old (dyed) and newly deposited (undyed) 
collagen was seen in deeper wound regions, whereas the superficial wound showed a 
sharp demarcation of dyed and undyed tissue at the wound edges.126 In the first month 
after wounding, the activated fibroblasts expressed an 'intermediate filament associated 
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fetal antigen'. The expression ceased when a continuous basement membrane had been 
deposited underneath the epithelial plug.68 A biphasic increase in collagen synthesis was 
found at one and four weeks after wounding. At the same time collagen degradation was 
increased due to a greater collagenase and stromelysin activity and direct phagocytosis of 
collagen by fibroblasts.127129 The fibroblasts may also induce collagenase production by 
the epithelium. 129"n' The increased synthesis and concurrent degradation of the fibers was 
suggested to result from a faster degradation of the abnormal types of collagen produced 
within the scar.127130 The changes in proteoglycan distribution in non-perforating wounds 
were similar to those described for perforating wounds.132 
In conclusion, in perforating and non-perforating rabbit corneal wounds, the 
interaction of epithelial and stromal cells may be required for stromal repair. Fibroblasts 
and associated collagen fibers in the vicinity of the epithelium appeared to be aligned to 
the basal surface of the epithelial ingrowth. The early wounds may exhibit a recapitulation 
of fetal types and distributions of collagen and proteoglycans, that is followed by a 
gradual change toward those in the adult stroma. However, the lack of a Bowman's layer, 
the tendency of the incised stroma to stretch with concomitant widening of the wounds, 
and the near anatomical stromal wound restoration within the first years after surgery, 
may render the rabbit as a poor model for human keratotomy wound healing.9·33·94·133 
Category С 
The chronological healing phases of non-perforating wounds in monkeys and cats 
have been described by Jester and coworkers22 In contrast to rabbits, an incisional wound 
in monkeys is V-shaped, and the epithelial plug is replaced by stromal scar tissue that is 
deposited in between the wound edges.134 In the second week after surgery, the epithelium 
was completely eliminated from the wound without stromal thinning at the incision site.6 
The wounds healed with a biphasic wound contraction.134 During the first 7 to 10 days, 
the pre-contractile phase, the incisions showed an increasing gap that was not attributed 
to edema at the wound edges. After replacement of the plug by fibrosis the contractile 
phase started, and a decrease in incision gape was seen.6·22125·134 
Since collagen shrinkage occurs only at non-physiological high temperatures, 
wound contraction is considered to result from cellular contractile action.98·104,135 Within 
the wound area a specialized type of fibroblast, the myofibroblast was found. These cells 
are characterized by an extensive rough endoplasmatic reticulum, a prominent Golgi 
apparatus, and F-actin, myosin and α-actinin fibers.135 In early wounds, intracellular F-
actin microfilaments or stress fibers are produced synchronously with extracellular 
fibronectin, and F-actin is linked to fibronectin by the a5ß, integrin in the fibroblast cell 
membrane. 5913*",3β The actin-integrin-fibronectin complex, the so called fibronexus 
produces a strong adhesion between the cell cytoskeleton and the extracellular matrix.70·139 
The contractile action of the stress fibers may pull fine strands of fibronectin together into 
larger filaments. Since all cells are linked by desmosomes, tissue contraction may result 
from the combined action of all stress fibers within the entire cellular network.104·136 In 
contrast to the unwounded comea, contractile responses are seen in corneal wounds after 
exposure to serotonin and (norepinephrine, presumably by the contractile properties of 
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the myofibroblast.140·141 
Since the stress fibers, fibronectin and later collagen fibers are deposited along the 
axis of the fibroblasts, wound contraction may be expected to occur in the same 
direction.142 In dermal wounds, fibroblasts showed an overall orientation across the wound 
so that contraction of the cells resulted in apposition of the wound edges.137·143 In corneal 
wounds in cat eyes, fibroblasts had an orientation parallel to the corneal surface, but not 
necessarily across the wound.134 In rabbits a re-orientation of the myofibroblasts was 
found from a random pattern to a alignment parallel to the wound. It was speculated that 
the stress forces along the wound exceeded those across the wound, so that the cells re­
oriented along the predominant stress lines parallel to the wound.144 
However, the existence of the myofibroblast has been disputed, and wound 
contraction has been suggested to result from a re-organization of the extracellular matrix 
by migrating fibroblasts. In in-vitro settings, fibroblasts exert a physical pull on their 
substratum during cell locomotion; the cells produced a condensation of collagen fibers in 
artificial gels like 'sailors pulling ropes'.1 0 4 1 4 5 1 4 7 When locomotion ceased after complete 
condensation of the extracellular matrix, stress fibers appeared. It was suggested that 
these fibers would enable the cells to hold the wound together like small sutures. 
According to this hypothesis the stress fibers would contribute to wound stabilization in a 
final, stationary phase, when the cells exhibit isometric contraction, rather than wound 
contraction during the initial, dynamic phase, when the cells exhibit isotonic 
contraction.10*·1**·1*9 Furthermore, the extracellular matrix may regulate cellular 
contraction. In normal and hypertrophic dermal scars the same type of fibroblast was 
found, whereas the type III / type I collagen ratio differed between both types of scars. 
The more type ΙΠ collagen, the faster and greater the contraction, and the more 
hypertrophy of the scar was found.148 
The monkey and cat may be more representative models for healing in humans, 
although healing is much faster and more complete, possibly due to the age difference 
between the young animals and human keratotomy patients. ' · ' 
Category D 
Several studies have analyzed human keratotomy specimens.1 The majority of 
these specimens were obtained through lamellar and penetrating keratoplasty, performed 
for complicated wound healing or visual complaints.15"·88 Few published studies have 
evaluated human keratotomy autopsy specimens obtained after the death of the patient.16,21 
The analysis of specimens in either group may have serious flaws. The pathology 
specimens may form a selected group of corneas with abnormal surgical technique and/or 
healing characteristics. The autopsy specimens may show various tissue artifacts due to 
the intervals between death and enucleation and fixation, and the type of fixation. A 
consistent histopathological finding in keratotomy wounds was the lack of recovery of 
lamellar continuity across the wound. 
Stromal wound healing has been described in detail by Binder and coworkers.1,7 
Keratocytes that are normally organized in a syncytium, withdraw their cytoplasmic 
processes after wounding and become star-shaped.711 Within 500 μπι from the wound 
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edge, keratocytes will transform into fibroblasts. This process is characterized by a 
proliferation of the cell organelles, an increased amount of rough endoplasmatic 
reticulum, intracytoplasmic filaments and vacuoles, and cortical density adjacent to the 
cell surface. With the appearance of nucleoli, RNA synthesis and protein synthesis 
increases.6 Within the first days DNA synthesis increases, mitoses occur and fibroblasts 
migrate toward the wound.7·150 The number of fibroblasts also increases by the 
transformation of monocytes that originate from the limbus and the tear film.7·150·'51 The 
cells accumulate and line up parallel to the borders of the epithelial plug.1·1517'21 
Subsequent collagen fiber deposition along the axis of the cells may explain the 
disorganized fiber deposition with an overall orientation parallel to the plug.16""·21,152 
Although peripheral wounds may heal faster than central ones due to the proximity 
of the limbal vascular arcade, there appears to be little vascular involvement in 
uncomplicated corneal wound healing.150 However, if the tissue damage is sever enough, 
angioproliferative factors released by polymorphonuclear lymphocytes may elict 
neovascularization.11 In human keratotomy specimens neovascularization has been 
reported in the peripheral comea, or along the length of the incisions.15 
Clinically, a keratotomy wound shows distinctive phases of stromal healing.90 At 
24-48 hours the incision is seen as a dark line surrounded by a diffuse grey zone of 
edema. At two weeks the dark incision site contrasted with a diffusely marginated cloudy 
opacity at both sides of the incision. At three months discrete "feathered spicules" 
extending ± 0,1 mm into the adjacent stroma became apparent within the fading 
cloudiness that bordered the incision. By 6-12 months the cloudiness disappeared and the 
spicules were seen more distinctively. The spicules themselves disappeared from the 
anterior-paracentral toward the posterior-peripheral part of the incision, leaving behind a 
narrow grey scar. By two years the scar fainted, but still shows residual spicules in the 
posterior peripheral incision. Fyodorov described91 similar features of healing ("Form 
A"), but he also noted the presence of "beads and pearl fragmentation" within the wounds 
("Form B"). Because he did not irrigate the incisions at the end of the surgery but 
allowed them to become filled with blood instead,153 the potential accumulation of debris 
within the wound may have changed the postoperative appearance of the incision. 
The feathered spicules have been hypothesized to reflect stromal wound 
remodeling, a process that may not be completed two years after keratotomy because of 
the persistence of the spicules.90 Sofar the histopathological substrate corresponding to the 
spicules has not been identified. Although remodeling toward a more orderly arrangement 
of the scar may result in less optical scarring, it is difficult to relate the clinical 
observations to the well documented disorganization of scar tissue with an overall parallel 
orientation to the wound.1 Within the wound, fiber diameter may vary from 20-200 nm 
and an abnormal interfibrillar matrix may result in a less orderly spatial arrangement with 
interfibrillar distances greater than 200 nm. Non-uniform fiber diameter and interfibrillar 
distances greater than half the wavelength of light, may result in local differences in 
refractive index and thus light scattering within the wound area (see chapter 2.4).3·154·155 
Despite remodeling, the scar may never reach an organization that is equal to the adjacent 
stroma, and it may continue to stand out as a translucent area within the transparent 
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comea.90 Apical scarring, possibly due to subepithelial fibrosis, has been reported after 
RK.156 
Several experimental studies documented that, following RK, the point of global 
rupture due to blunt trauma shifts from the equator toward the corneal incisions.157,158 If 
wound healing is ineffective, corneal integrity is never restored and the incisions may be 
expected to remain weakened areas.1·9 Clinically, the persistence of a low tensile strength 
of the wounds has been suggested by the reopening of the incision sites after blunt 
trauma159161 or during reoperation.165·166 Although not all severe facial and/or orbital 
traumas with presumed ocular involvement resulted in reopening of the incisions, patients 
that underwent RK are considered to be at increased risk of corneal rupture after direct 
ocular trauma.159"164 In addition, under- and overcorrections, fluctuation in visual acuity, 
and progression in refractive effect after RK are believed to relate to incomplete wound 
healing.1 
Effect of sutures on corneal wound healing 
The ineffective healing of RK wounds may be considered pathological from a 
clinical point of view, but may reflect physiologic (corneal) wound healing, especially 
when the procedure has been performed in a nondiseased comea. In contrast, the healing 
of sutured wounds may reflect a non-physiologic type of healing, since it is modified by 
approximation and stabilization of the wound edges, and a stronger suture-induced 
inflammatory reaction. Most often sutures are placed in perforating wounds, located in 
diseased corneas. 
After sutured wound apposition the epithelium is prevented from growing into the 
wound. The space between the stromal wound edges is filled in by a fibrinous material, 
produced by fibroblasts adjacent to the wound. After migration of fibroblasts toward the 
wound, the cells line up parallel to the wound edges. Deposition of collagen and 
proteoglycans and subsequent remodeling of the scar, and a re-orientation of the cells 
perpendicular to the scar, eventually results in an approximation toward lamellar 
continuity across the wound.7 Stromal repair may be less complete and/or ineffective 
when the wound edges are malapposed with incarceration of Bowman's layer or 
Descemet's membrane into the stroma.167169 
Absorbable silk sutures induce a strong polymorphonuclear and mononuclear 
inflammatory reaction and associated tissue necrosis. A lesser reaction is seen with 
absorbable polyglactin (Vicryl) sutures. Polypropylene (Prolene) and monofilament nylon 
sutures that are 'nonabsorbable' but biodegradable in the long-term, induce a mild 
mononuclear response and activation of fibroblasts.7170·171 Stainless steel sutures may elict 
very little reaction and may be almost nondegradable over time.m 
Sutured, perforating corneal wounds in rabbits obtained no tensile strength during 
the first week after surgery, a steep increase (in strength) in the three weeks thereafter, 
and reached a maximum of 50% of the unwounded corneal tensile strength at three 
months.99 Unsutured wounds showed a similar pattern of healing and reached 35% of 
normal tensile strength at two months.173 In the latter experiment the tensile strength of 
sutured wounds was measured with the sutures in-situ, so that the contribution of healing 
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to wound strength was not determined. Reopening and suturing of a wound resulted in an 
increased healing rate, although the reopened wounds and the sutured control wounds 
obtained similar tensile strength after a few weeks.99 
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CHAPTER 3 - EFFECT OF SURGICAL TECHNIQUE ON CORNEAL 
INTEGRITY, WOUND DEPTH AND CONFIGURATION 
3.1 - Effect of radial keratotomy incision direction on wound depth 
Gerrit RJ. Melles and Perry S. Binder. 
Abstract 
The majority of ophthalmic surgeons who perform radial keratotomy make incisions from 
the optical clear zone to the limbus (downhill; centrifugal), instead of from the limbus to 
the optical clear zone (uphill; centripetal). To compare the efficacy of these techniques, 
one surgeon performed keratotomy incisions in 10 eyes of 5 monkeys using the same 
double-edged diamond blade set to 80% of central pachometry. Four or eight centrifugal 
(downhill) and centripetal (uphill) incisions were made in each eye. Achieved incision 
depth was measured by light microscopy 2.5 to 8 months postoperative. Downhill incision 
depth averaged 46.0% (range 38% to 61%) whereas uphill incision depth averaged 
74.0% (range 53% to 87%) (p<0.0005). In both groups, incision deviation from the 
perpendicular (lateral tilt error) was greatest adjacent to the optical clear zone (p<0.01). 
These differences may be explained by tilt error (forward or backward) or by the 
perpendicular front cutting action of a vertical blade being more effective than the angled 
blade. (Refract Corneal Surg 1990;6:394-403) 
Keywords: comea, incision direction, myopia, radial keratotomy, refractive error 
Published in part in Waring GO: Atlas of surgical techniques of radial keratotomy. In: Waring GO 
(ed): Refractive keratotomy for myopia and astigmatism. St Louis: Mosby Year Book, 1992:588-589. 
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Introduction 
More than 500,000 radial keratotomy (RK) procedures for the correction of 
myopia have been performed since its introduction to the United States in 1978, during 
which time the procedure has undergone numerous modifications.1'5 Today, four or eight 
incisions are made with an optical clear zone of 3.0 to 4.5 mm, using a diamond blade.6,7 
The depth of the blade is adjusted according to central or paracentral, preoperative or 
interoperative ultrasonic pachometry. 
The major factors that influence the refractive outcome are patient age, incision 
number, length and depth, and preoperative myopia.814 Of these factors, only incision 
number, length and depth are under control of the surgeon. Most surgeons agree that an 
achieved incision depth of 90% corneal thickness is desirable in order to obtain a 
maximum refractive effect. Surgeons use different blade settings and different knives, and 
incise the comea either from the limbus to the optical clear zone (uphill; centripetal; 
"Russian" technique) or from the optical clear zone to the limbus (downhill; centrifugal; 
"American" technique). Surgeons who perform the downhill technique set their blades up 
to 120% of the thinnest paracentral pachometry readings;1521 those using the uphill 
technique use blade settings from 80% to 100% of paracentral pachometry.2227 Although 
many surgeons report satisfactory refractive results for the treatment of myopia of less 
than 6 diopters,15'21 no standardized technique has been developed. 
Achieved incision depth has been measured only with the downhill technique.12" 
U.2Í.2» Published laboratory28·29 and clinical studies15"21 using the downhill technique have 
concluded that achieved incision depth is always less than the actual blade setting. In 
contrast, surgeons using the uphill technique2227 claim they can achieve greater depth and 
greater refractive results cutting towards the optical clear zone from the limbus. I f 
re-operations are performed, some surgeons recommend using the uphill technique to 
"square off" the incision at the edge of the optical clear zone and to achieve deeper 
incisions.30 Haverbach (personal communication) has recently compared the clinical 
results of 840 cases performed with each technique and has concluded the uphill technique 
creates deeper wounds and greater refractive correction. 
In spite of clinical evidence suggesting uphill incisions produce deeper wounds, 
most American surgeons prefer downhill incisions because they are easier to perform and 
because there is a reduced chance of entering the optical clear zone. We performed the 
following study to determine if there was a difference in achieved wound depth when an 
experienced RK surgeon created uphill and downhill incisions using the same knife and 
blade setting within the same eye. 
Materials and methods 
All animals were housed and treated according to the ARVO resolution for animal 
care. All radial keratotomy procedures were performed by one surgeon (PSB) using a 
double-edged diamond blade (KOI, Inc., Frazer, PA). The blade extension was measured 
monocularly under the operating microscope at maximum magnification using a coin 
gauge. Incision depths were set to achieve 80% of the thinnest ultrasonic central corneal 
reading (Storz, St Louis, MO, Comeascan I) to avoid perforation. The surgery was 
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performed under sterile conditions. A 
3.0 mm optical clear zone (OCZ) marker 
(Katena Instruments, Denville, NJ) was 
centered on the pupil for all procedures. 
Radial incisions were placed to the 3.0 
mm OCZ; a 5.0 mm OCZ was used for 
3.0 mm long transverse incisions. 
The eyes were flushed with a 
broad spectrum antibiotic drop at the 
start of each procedure. Four monkeys (8 
eyes) underwent bilateral, modified 
trapezoidal keratotomy procedures. One 
transverse and two semi-radial incisions 
were placed in each half of the cornea. 
Semi-radial incisions were made from the 
OCZ to the limbus (downhill; 
centrifugal) using the oblique cut edge of 
the blade, or from immediately inside the 
limbus to the OCZ (uphill; centripetal) 
using the perpendicular cut edge of the 
blade (Figure 1). A fifth monkey (two 
eyes) had four, semi-radial incisions 
made in each eye at 12, 3, 6 and 9 
o'clock. Two months postoperatively 
four additional incisions were placed in 
each eye between the previous incisions 
(Figure 1). The right eyes of these five 
monkeys had the superior incisions 
performed first and the inferior incisions 
performed second. In the left eyes, the 
inferior incisions were made first and the 
superior incisions made second. Two 
monkeys (1 and 2) were terminated 2.5 
months postoperatively and monkeys 3, 
4, and 5 eight months postoperatively. 
Following enucleation, the 
corneal scleral rims were gently excised 
from each globe. The corneas of 
monkeys 1 through 4 were cut in half 
vertically and those of monkey 5 
horizontally. The dissected corneal 
halves intended for light microscopy 
analysis were then fixed in 2.5% 
MONKEYS: 
1 AND 4 
OD OS 
2 AND3 © 
Figure 1: Schematic diagram of incisions performed 
in the current study. Vie arrows indicate the 
direction of the incisions. 
A = CENTRAL 
В = M I D C C N T R A L 
С = M I D 
D = M I D P E R I PHEtM 
E = PCHIPHERÖL 
OCZ 
Figure 2: Diagrammatic representation of how each 
corneal quadrant was sectioned in order to measure 
incision depth. Die arrows indicate the direction of 
the incision (OCZ = optical clear zone). 
INCISION DIRECTION 
—INCISION DEPTH 
I . U K DRAW» AT JUNCTION OF EPITHtLIIHT 
І П BOWMAN 5 LATER 
S . LINE DRAWN PARALLEL TO П К IS I M 
3 . LIME DRAWN AT JUNCTION OF OESCtHCT'S 
ПЕПеОАКЕ AND TTC ERDOTHELIUII 
Figure 3: Computer drawing demonstrating how the 
deviation of each incision from the perpendicular 
(= lateral tilt error of the knife) and the relative 
stromal incision depth were measured. See text. 
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Figure 4: Light microscopy sections of one downhill incision (centrifugal) performed from the optical clear zone 
to the limbus. A, central portion of the incision; B, mid portion of the incision; and C, peripheral portion of the 
incision (monkey US, left eye, 3:00 incision) (toluidine blue 0, original nuignification x250; Bar = lOOum). 
glutaraldehyde / 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.3, 340 mOsm), 
and post-fixed in 2% osmium tetroxide in 0.1 M cacodylate buffer for one hour. The 
specimens were then dehydrated in a graded series of ethanol followed by intermediate 
changes of propylene oxide and embedded in Polybed Epon 812. Remaining corneal 
halves containing 23 wounds were frozen for future histochemical analysis. 
One micron sections were cut transverse to the radial incision to assure accurate 
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Figure 5: Light microscopy sections of one uphill incision (centripetal) peiformed from the limbus to the optical 
clear zone. A, central portion of the incision; B, mid portion of the incision; and C, peripheral portion of the 
incision (monkey #5, left eye, 4:30 incision) (toluidine blue O, original magnification x250; Bar = lOOum). 
Compare achieved incision depth for each incision region with Figure 4. 
post-sectioning measurements and stained with Toluidine blue 0. The semi-radial 
incisions of the modified Ruiz procedure were sectioned in the midcentral and the 
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Figure 6: The graphic 
representation of average 
achieved incision depth 
comparing the uphill incisions 
(centripetal) (upper line) with 
downliill incisions (centrifugal) 
(lower line). The bars represent 
the standard deviation of each 
measurement. 
WOUND REGION MEASURED 
the eyes of the fifth monkey were evaluated. Seven incisions were sectioned in the 
central, mid, and peripheral portions of the incision. Two incisions at 9 o'clock and 6 
o'clock in the left eye of monkey 5 were sectioned in the midcentral and midperipheral 
portions (Figure 2). 
All sections were viewed and photographed at 150 magnification. The 
photomicrographs had a parallel line drawn at the junction of the epithelium and 
Bowman's layer, a second line parallel to each incision and a third line at the junction of 
Descemet's membrane and the endothelium. Using these lines, measurements of the angle 
of each incision to the corneal surface and the relative stromal incision depth were taken 
(Figure 3). The unpaired Student's t-test was used for statistical analysis of the collected 
data. 
Results 
A total of 25 semi-radial incisions made in 10 eyes of 5 monkeys were evaluated, 
11 incisions from the optical clear zone to the limbus and 14 from the limbus to the 
optical clear zone. 
Wound depth 
The depth of incisions from the optical clear zone to limbus (downhill; 
centrifugal) varied from 31.8% to 47.1% (Table 1) (Figures 2 and 4a-c); the depth of 
incisions from the limbus to the optical clear zone (uphill; centripetal) varied from 68.8% 
to 78.0% (Table 2) (Figures 2 and 5a-c). Downhill incisions were "Un-shaped from the 
central to the peripheral portion of the incision (i.e., shallower at both ends of the wound 
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Because of this wound 
configuration, the depth found in 
midcentral, mid and midperipheral 
portions was used to calculate the 
achieved incision depth for each incision 
type. In these three regions, the average 
stromal incision depth of downhill 
incisions was (46.0% ± 5.1%) (range 
38-61%) (Figures 4a-c and 6) (Table 1). 
The average stromal incision depth of 
uphill incisions was (74.0% ± 8.2%) 
(range 53-87%) (Figures 5a-c and 6) 
(Table 2). The 28.0% difference in 
relative stromal incision depth between 
the two groups of incisions was highly 
significant (p<0.0005). 
Wound deviation 
In each section, the deviation of 
the incision toward the surface caused by 
lateral tilt error of the knife was 
measured (Figures 3 and 7). The 
deviation (in degrees) in the downhill 
group of incisions increased from 2.0° 
peripherally to 16.5° centrally (Table 3) 
(Figure 8). For uphill incisions the 
deviation increased from 5.8° 
peripherally to 10.5° centrally (Table 4) 
(Figure 9). 
There was a significant statistical 
difference in deviation between the 
central/midcentral region and the 
midperipheral/peripheral region of the 
incision for both the downhill group 
(0.01 >p>0.005) and the uphill group 
(0.005 >p>0.001). Both types of 
incisions had a greater deviation of the 
incision (greater lateral tilt error of the 
knife) in the central portion than in the 
peripheral portion of the incision 
(Figures 8 and 9). The average deviation 
over the whole length of the incision was 
smaller in uphill incisions, but was not 
Figuie 7: Effect of lateral tilt error of the knife of 
approximately 10 degrees. Courtesy of Dr. Robert 
F. Hofmann, reproduced with permission (Hofmann 
KF, Lindstrom RL: Sources of error m keratotomy 
knife incision. J Refract Surg 1987;3:215-223). 
iid-pariphar, par phar, 
Figure 8: Graphic representation of the average 
incision deviation from the perpendicular in 
downhill incisions (centrifugal). The bars represent 
the standola deviation of each measurement. The 
minus measurement represents the contralateral 
incision deviation within the same incision. 
and aM parpltaiy panphar, 
WOUND RECKON UEASUflED 
tUMBUS TO OCZ) 
Figuie 9: Ciaplnc representation of the average 
incision deviation from the perpendicular in uphill 
incisions (centripetal). Vie bars represent the 
standard deviation of each measurement. The minus 
measurement lepresents the contralateral incision 
deviation within the same incision. 
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significantly different between both groups of incisions (0.1 >p>0.05). 
Discussion 
Following the introduction of radial keratotomy to the United States, the 
technique utilized two different surgical approaches. Because of concerns that incisions 
toward the optical clear zone could continue into the visual axis, most American 
ophthalmologists choose to incise from the optical clear zone to the limbus (downhill; 
centrifugal)15'21 with a few Americans continuing to use the original "Russian" technique 
of incising from the limbus to the optical clear zone (uphill; centripetal).22'27 Research 
determined that if the incisions were extended through the limbus, the refractive effect 
would be reduced.12·13 Subsequent clinical reports suggested that uphill incisions were able 
to achieve greater refractive error change,27 although comparable refractive results were 
achieved by surgeons using the uphill and surgeons using the downhill technique (Table 
3). To our knowledge there have not been any published laboratory or clinical reports 
comparing one technique with the other. Only one laboratory study has evaluated uphill 
incisions.31 
Ophthalmologists using downhill incisions extend their blades up to 120% of the 
thinnest central or midcentral corneal pachometry reading33·34 to achieve maximum 
effect.15'21 On the other hand, surgeons utilizing the uphill technique extend their blades 
80% to 100% of their thinnest readings.2227 How can these differences be explained? 
The current study compared uphill and downhill incisions performed by the same 
surgeon with the same knife, the same blade setting within the same eyes in a monkey 
model. The fact that the uphill incisions were on the average 28% deeper than the 
downhill incisions confirms previous clinical reports27 that greater incision depth (and 
therefore greater refractive error change) could be achieved with incisions from the 
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Incision depth can be determined by surgeon skill, but in this particular study, the 
surgeon variable was eliminated. Incision depth can be affected by the sharpness of a 
blade, but again this variable was eliminated in the current study. Improper measurement 
of blade extension can account for variation in incision depth, but these variables were 
also eliminated in the current study. Corneal hydration has also been demonstrated to be a 
determinant of incision depth32·33 but again this variable was eliminated in the current 
study. A so-called back cutting blade was used for the downhill incisions and a so-called 
front cutting blade was used for the uphill incisions. Is it possible that one blade shape is 
more efficient in incising the comea than another? 
Incision depth can also be affected by lateral or longitudinal tilt error of the knife 
as the incision is made. When the knife is tilted, the footplates may act as levers lifting 
the blades partially out of the stroma (Figures 7 and 10).34 In the current study, the 
difference in wound depth could not be explained by a difference in lateral tilt error of 
the knife because there was no significant difference in the average deviation from the 
perpendicular comparing uphill to downhill incisions (Tables 3 and 4). However, for both 
incision groups, the wound deviation was found to be greater in the central cornea than in 
the periphery of the cornea (0.01 >p>0.005) (Figures 8 and 9). Central deviation of the 
incision due to lateral tilt error of the knife and therefore shallower central wound depth 
may have a negative effect on achieved refractive error change. 
In addition, longitudinal (central-peripheral) tilt error can also account for shallow 
incisions. With the knife that was used in this study, the anterior edge was always facing 
the optical clear zone. Uphill incisions were made with the anterior edge oriented 
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Figure 10: Effect of longitudinal knife tilt (in the 
direction of the incision) on achieved incision 
depth. Because of the blade orientation to the 
footplates, a forward tilt of the knife creates a 
smaller decrease in incision depth (middle) than 
when the knife is tilted backward (right). See text 
for explanation. 
Table 5 
THEORETICAL INFLUENCE OF FORWARD 
AND BACKWARD TILT ERROR ON THE KNIFE 




























posterior edge that had an oblique 
orientation to the footplates. Because of 
the resistance of the corneal tissue and 
the way the knife is held and moved, it 
usually will tend to tilt in the direction of 
the incision. Therefore, the knife will 
tend to tilt toward the optical clear zone 
(forward) with an uphill incision and it 
will tilt toward the limbus (backward) 
with a downhill incision. When the knife 
is tilted forward, only the anterior edges 
of the footplates will touch the corneal 
surface. The distance of these edges to 
Figure 11: Mathematical relationship between the 
length of the lever and achieved incision depth. 
Theoretically, a greater blade setting (in a thicker 
cornea) and a smaller lever will have less effect on 
incision depth, given any tilt error of the knife. (See 
Tables 5 and 6). 
Table 6 
GEOMETRIC CALCULATION OF 
BLADE TILT ERROR 
If/ y " 0: A,B, ™ A,D — > blade letting - incision depth 
If/ y > 0: Α,Β, > A,D - > blade letting > incilion depth 
Α,Β, - A,A, + Α,Β, (1) 
Α,Α, "= A,C . Ian y (2) 
Α,Β. "= A,D / cos a (3) 
(1) + (2) + (3): 
Α,Β, = A,C . un y + A,D / cos a < = > 
A,D = cos « (Α,Β. - A.C . tan y) 
/ y - / a - > 
A,D - Α,Β, . cos y - A,C . sin y 
AtD « absolute incision depth 
/ у = till angle of the knife 
A,C « length of the lever 
Α,Β, (-Α,Β,) - blade setting 
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the anterior cut edge is small so the leverage of forward tilting will account for only a 
minute withdrawal of the blade and therefore only a slight decrease in wound depth 
(Figures 10 and 11). However, when the knife is tilted backward, only the posterior 
edges of the footplates will touch the corneal surface. The leverage of the larger distance 
from the posterior cut edge to the posterior edge of the footplates will be responsible for 
a considerable withdrawal of the blade resulting in a substantial decrease in wound depth 
(Tables 5 and 6) (Figures 10 and 11). In this regard, different knife styles may contribute 
to varying results in radial keratotomy, since differences in footplate configuration may 
have different effect on achieved wound depth. 
Two of the final factors accounting for a difference in achieved incision depth 
between both incision techniques could be pressure on the globe or the actual mechanical 
advantage of a front cutting (perpendicular) blade versus a back cutting (oblique) blade 
incising corneal lamellae. These features were not studied in our experiment. 
In summary, the current study has suggested that when one uses a front cutting 
blade to incise from the limbus to the optical clear zone (uphill), deeper incisions can be 
achieved compared with using a back cutting blade incising from the optical clear zone to 
the limbus (downhill). In order to answer whether it is the front cutting blade that actually 
makes the difference, a future study is planned to perform different incision directions 
with only a front cutting blade. Since it is technically easier and safer to incise from the 
optical clear zone to the limbus, this approach should be evaluated. 
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3.2 - Effect of blade configuration, knife action, and intraocular pressure 
on keratotomy incision depth and shape 
Gerrit R.J. Melles, Robert H.J. Wijdh, Ben Cost, W. Houdijn Beekhuis, 
Perry S. Binder, Gabriel van Rij and Kees Groot 
Abstract 
For the same diamond blade extension, uphill (centripetal) RK incision direction achieves 
greater depth and consequently greater refractive effect than downhill (centrifugal) 
incisions. To determine which factors may account for this difference, two uphill and two 
downhill incisions were made with a double edged diamond blade set to 90% of central 
pachometry, in 26 human donor eyes, at 15 or 60 mmHg. Uphill incisions made with the 
perpendicular blade, had greater mean incision depth than downhill incisions made with 
the oblique blade, at 15 mmHg (83.6% ± 3.9% and 68.2% ± 5.2%) (p<0.0005), and 
at 60 mmHg (86.3% ±3.1% and 79.7% ± 1.7%) (p<0.0005). Uphill and downhill 
incisions both made with the perpendicular blade had equal depth (85.4% ±4.9% and 
83.7% ± 3.5%) (p>0.1). The perpendicular blade edge created a straight, and the 
oblique edge a "S"- or "J "-shaped histological incision configuration. Corneal profile 
pictures during each incision revealed the knife to tilt opposite the incision direction and 
to move at a constant angle to the limbal plane, producing a smaller optical clear zone 
(OCZ) in the posterior stroma than intended with uphill incisions. Greater refractive effect 
with uphill incisions may be explained by the perpendicular blade being more effective in 
incising corneal lamellae, and the creation of a smaller posterior OCZ. ¡OP variations 
during surgery may affect achieved incision depth of downhill, but not of uphill incisions. 
(Cornea 1993;12:299-309) 
Keywords: cornea, radial keratotomy, myopia, incision depth, incision shape, surgical 
technique, diamond blade, blade configuration, intraocular pressure 
From the Eye Hospital, Rotterdam, The Netherlands; the Department of Ophthalmology, University of 
Nijmegen, The Netherlands; the Laboratory of Cell Biology and Histology and the Department of 
Ophthalmology, University of Leiden, The Netherlands; and the National Vision Research Institute, 
San Diego, U.S.A. 
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Introduction 
Radial keratotomy (RK) is performed for the correction of low to moderate 
myopia.1 To predict the outcome of RK, surgical factors (diameter of the optical clear 
zone (OCZ), incision depth, length, direction and number), and patient factors (age, sex 
and preoperative myopia) have been evaluated. To date, patient age, incision number, 
length and depth are accepted as the major determinants of the refractive outcome.2"15 
An achieved incision depth of 90% corneal thickness is considered desirable to 
compromise between maximizing effect and minimizing the risk of microperforation 
and/or endothelial damage.7·16 To achieve sufficient depth with downhill incisions using 
the oblique blade edge, surgeons extend their blades up to 120% of the thinnest corneal 
pachometry readings; blade settings of 80-100% are employed for uphill incisions, using 
the perpendicular blade edge.1217 Downhill incisions may have a lower risk of violating 
the visual axis. However, no standardized surgical technique has been developed. 
In a recent study12 of achieved incision depth, uphill (centripetal; limbus to optical 
clear zone, out-to-in, "Russian Technique") and downhill incisions (centrifugal, optical 
clear zone to limbus, in-to-out, "American technique") were compared in a monkey 
model. Mean achieved depth was found to be 10-30% deeper in the uphill incision group. 
In addition, clinical observation suggests uphill incisions to be deeper, hence obtaining 
more refractive effect.18'21 
The purpose of this study was to determine the reproducibility of the difference in 
achieved wound depth between uphill and downhill incisions12 in a human donor eye 
model. To determine the reasons for this difference in depth, we studied the effect of 
diamond blade configuration, intra-operative knife action with associated corneal contour 
deformation, and elevation of intraocular pressure during surgery. 
Materials and methods 
26 human cadaver (18 unpaired and 
hours post mortem through the Cornea Bank, 
Leiden, and the Netherlands Ophthalmic 
Research Institute, Amsterdam, The 
Netherlands. The average donor age was 
72.6 years (range 45 to 83 years). Each 
globe was placed in a custom built eye 
holder (Figure 1) equipped with a suction 
ring connected to a vacuum pump, to 
immobilize the posterior globe and to 
control the intra-ocular pressure (IOP) 
before and during surgery.13 The 
epithelium was gently removed with a 
cellulose sponge. Corneal thinning was 
achieved by subjecting the globes to an 
IOP of 32-37 mmHg (Schiotz tonometer) 
for about 45-90 minutes. '3 
4 paired) eyes were obtained less than 48 
Rotterdam, the Eurotransplant Eye Bank, 
Figure 1: The suction ring (arrows) of the eye 
holder was used to stabilize the globe during 
surgery, and to create intraocular pressure at 
various levels, for preoperative corneal thinning 
and intraoperative pressure control. 
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Figure 2: Senes I: uphill incisions weie made with the perpendicular edge, and downhill incisions with the 
oblique edge of the same diamond blade at an ¡OP of 15 mmHg. Senes ¡I: both uphill and downhill incisions 
were made with the same perpendicular edge of the diamond blade at 15 mmHg. Note in the bottom-nght image 
thai the blade had to be inserted within the optical clear zone (OCZ) for downhill incisions (arrowhead). Senes 
III: uphill and downhill incisions were made as descnbed for Senes 1 at 60 mmHg. Senes IV: corneal profile 
pictures were made dunng the performance of uphill and downhill incisions. Note in the top-left image how tilt 
error of the knife away form the visual axis Willi the use of uphill incisions results in entry of the perpendicular 
blade into the postenor OCZ. As a consequence the postenor region of the OCZ (large arrowheads) will llave a 
smaller diameter than was marked onto the corneal surface (small arrowheads) (See also Figures 3a, 5c-l and 
5e-l). 
All comeas were thinned to the same preoperative thickness of 0.55 mm 
(Humphrey ultrasonic pachometer, model 850, Humphrey San Leandro, CA), to allow 
use of the same blade extension in all eyes. Two knives were used for this study: a 
recently sharpened double edged diamond blade (Figure 2) [Drukker International, 
Amsterdam (eyes 1-24); or KOI, Inc. (eyes 25 and 26)] was set to 90% of central 
pachometry (0.55 - 0.055 = 0.495 mm), using a coin gauge under an operating 
microscope at maximum magnification with monocular viewing. After marking a 3.0 mm 
optical clear zone (OCZ) (Mona Instruments, France), the blade was inserted just within 
the limbus or at the edge of the OCZ, respectively for uphill and downhill incisions 
(Figure 2). After insertion of the knife, it was positioned steadily for a few seconds to let 
the blade "seat", before completing the incision. Four equally spaced semi-radial incisions 
were placed righthanded at 12, 3, and 6 o'clock and lefthanded at 9 o'clock (surgical 
positions); an uphill or downhill incision was placed randomly at the 12 o'clock cardinal 
incision sites; subsequent incisions were placed alternatively (Figure 2). Incisions in eyes 
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25 and 26 were made by an experienced 
clinical RK surgeon (PSB). All other 
incisions were made by a surgeon 
(GRJM) experienced only with 
experimental RK procedures. Each 
incision was inserted with black Indian 
ink to facilitate localization and depth 
measurements. 
After randomization, in a first 
series of seven eyes (numbers 1-7, 
Figure 2), in each comea two uphill 
(centripetal) incisions were made with 
the perpendicular blade, and two 
downhill (centrifugal) incisions with the 
oblique blade, as was used in the PERK 
study.22 In a second series of seven eyes 
(numbers 8-14, Figure 2), each cornea 
had all (two) uphill and (two) downhill 
incisions made with the perpendicular 
blade. The IOP during surgery in Series 
I and II was maintained at 14-16 mmHg. 
In a third series of seven eyes (numbers 
15-21, Figure 2), incisions were made in 
each cornea as described for Series I, 
with the intraocular pressure elevated to 
55-60 mmHg during surgery. 
In a fourth series of five eyes 
(numbers 22-26, Figure 2), incisions 
were also made as described for Series I 
at 14-16 mmHg, and corneal profile 
pictures of the globe were taken (lateral 
view of the comea)23 (eyes 22, 23 and 
24: Olympus OM 2, 135 mm at l'/2x 
magnification, Panatomic-X,32, Black-
and-white film, Kodak; eyes 25 and 26: 
Nikon Medical Nikor lens f 5.6, 200 mm 
at l'/jX magnification, Ectachrome 100 
Colorfilm, Kodak). One picture was 
made preoperatively; a minimum of three 
pictures were made during the 
performance of 10 uphill and 10 
downhill incisions. A six wire suture 
needle inserted anterior to the scleral 
Figure 3: Superposition of successive profile images 
of an uphill (a) and a downlnll incision (b), made 
mrhin the same eye. Relatively more central 
deformation is seen with the uphill, and more 
peripheral deformation with the downhill incision. 
Note that in successive positions on the cornea, the 
kmfe is held at a sinular angle to the timbal plane 
(arrow). Arrowhead indicates the position of a 





Figure 4: Diagrammatic representation of how each 
corneal quadrant was sectioned at 20 intervals of 
¡00 μηι. Incision depth at 0.2, 0.5, 1.0 and 2.0 mm 
was averaged to calculate the mean depth of each 
incision (OCZ = optical clear zone). 
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equator served as a reference point for comparison of successive pictures of the same 
incision. Using a slide projector, the preoperative and subsequent intraoperative pictures 
of each incision were projected on 1 mm grid paper at 50x magnification, and corneal 
contour changes were drawn (Figures 3a and 3b). Uphill and downhill incisions at 180 
degrees opposite to each other (same sagittal plane) were compared. 
Following surgery, corneo-scleral rims were obtained by incising the sclera for 
360° anterior to the equator leaving a 5 mm scleral rim, and gently removing the anterior 
uveal tissue. With the 12 o'clock meridian of the scleral edge identified, the corneal rims 
were immediately immersed in fixative (10% phosphate-buffered formalin, ph 7.4). 
Corneas were dissected in four segments, each containing one incision. Specimens were 
dehydrated through two series of 90% and 100% ethanol and each incision was embedded 
separately in Technovit for light microscopic analysis. At 20 intervals of 100 μτη from the 
edge of the OCZ toward the peripheral regions of each incision, 2.5 /im sections were cut 
perpendicular to the incisions' orientation in the horizontal and vertical plane (Figure 
4).12·13 Sections were stained with Toluidine blue О and photographed at 150x magnifica­
tion. With the slide projector, all photomicrographs were projected on (8.5й χ 11.0") 
white paper. One line was drawn at the anterior Bowman's layer, a second line at the 
junction of Descemet's membrane and the endothelium, and a third line parallel to the 
incision. Using these lines the relative stromal incision depth as a percentage of corneal 
thickness, and the incision deviation from the perpendicular were measured in masked 
fashion by a person who was not the surgeon (RHJW) (See Figure 3 of reference 13). 
Measurements at 200, 500, 1000, and 2000 μπι from the OCZ were averaged to calculate 
achieved depth and deviation for each incision.1 
Statistical analysis of collected data was performed using the paired student's t-
test. 
Results 
Histological incision depth 
Series I. The mean incision depth differed significantly between uphill (83.6% ± 
3.9%; perpendicular blade) and downhill incisions (68.2% ± 5.2%; oblique blade) at an 
IOP of ± 15 mmHg (ρ<0.0005) (Figures 2, 5a, 5b and 6a). 
Series II. Using the perpendicular blade for both directions, no significant 
difference in mean incision depth was found between uphill (85.4% ± 4.9%) and 
downhill incisions (83.7% ± 3.5%) at an IOP of ± 15 mmHg (p>0.1) (Figures 2, 5c, 
5d and 6b). 
Series 111. With the IOP elevated to + 60 mmHg, mean incision depth did differ 
significantly between uphill (86.3% ± 3.1%; perpendicular blade) and downhill incisions 
(79.7% ± 1.7%; oblique blade) (p<0.0005) (Figures 2, 5e, 5f and 6c). 
Histological incision configuration 
Incisions made with the perpendicular blade, i.e. uphill in Series I, II and III, and 
downhill incisions in Series II, were seen as a straight tissue disruption, i.e. a "O" time 
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Figure 5: Light microscopy of sections respectively just within the OCZ (I), at ¡lie edge of the OCZ (lì), and at 
0.2 mm OH)· 0.5 mm (IV), 1.0 mm (V) and 2.0 mm (VI) toward the peripheral portion of an uphill (a) made 
with the perpendicular blade and a downhill incision (b) made with the oblique blade, at 15 mmHg, within the 
same cornea (Series I); and an uphill (c) and a downhill incision (d) both made with the perpendicular blade, at 
15 mmHg, within the mate cornea (Series II). Note that IOP elevation to 60 mmHg resulted in only a slight 
increase in depth of an uphill (e; perpendicular blade), and substantial greater depth of a downhill incision (f; 
oblique blade) (Series III), as compared to similar incisions made at 15 mm (a and b) (Toluidine blue 0, original 
magnification ХІ50). 
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wound oriented more or less perpendicular to the corneal surface (Figures 5a, 5c, 5d and 
5e). In contrast, most downhill incisions made with the oblique blade in Series I and III, 
showed a "J" or "S" shaped 'wound' configuration, particularly at the knife entry site, the 
paracentral portion of the incision (Figure 5b and 5f)·24 
Mean incision deviation from the perpendicular, due to lateral tilt error of the 
knife, did not differ between uphill and downhill incisions in Series I (respectively 3.7° 
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2.6° and 6.0° ± 4.4°) (0.1>p>0.05), 
in Series II (respectively 2.8° ± 2.2" 
and 2.9° ± 1.3°) (p>0.1), and Series 
III (respectively 3.0° ± 3.0° and 6.0° ± 
5.7°) (p>0.1). Greater deviation of 
downhill incisions in Series I may be 
explained by the "J" or "S" shaped 
histological incision morphology, which 
may not have represented the actual 
lateral tilt error of the knife. 
In 12 (= 29%) uphill incisions, 
the deepest wound regions did appear 
first in successive sections from the 
optical clear zone; toward the peripheral 
wound, the incision became visible over 
its full depth, including the break in 
Bowman's layer (Figures 5c and 5e). 
The penetration of the incision into the 
posterior OCZ (Figure 2) could not be 
quantified, because the percentage of 
tissue shrinkage due to embedding of the 
tissue was unknown." 
Similar differences in incision 
depth, deviation and configuration were 
found in a preliminary study, for which 
uphill and downhill incisions were made 
with the perpendicular or oblique blade 
in 10 human cadaver corneas that did not 
underwent preoperative thinning 
(unpublished observations). 
Corneal contour deformation 
Series IV. Intraoperative corneal 
profile images showed knife tilt most 
often to occur opposite to the direction of 
the incision. In 7 of the 10 uphill 
incisions, the knife consistently tilted 
away from the visual axis, whereas in 6 
of the 10 downhill incisions the knife 
tilted toward the visual axis (Figures 3a 
and 3b). Successive pictures of the same 
incision revealed that the knife was 
moved from the peripheral to the central 
Figure 6: Graphic representation of average 
achieved incision depth in uphill (upper lines) and 
downhill incisions (lower lines) in Series I (a; 
uphill: perpendicular blade, downhill: oblique 
blade, IOP: ¡5 mmHg), Series II (b; uphill and 
downhill: perpendicular blade, IOP: 15 mmHg), 
and Series III (c; uphill: perpendicular blade, 
downhill: oblique blade, IOP: 60 mmHg) 
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cornea or vice versa, at approximately the same angle to the limbal plane; the knife did 
not make a rotatory action in the sagittal corneal plane (Figures 3a and 3b). 
In most incisions, the knife was increasingly pressed downwards towards the end 
of the incision. In downhill incisions, knife action resulted in a flattening of the peripheral 
corneal contour (Figure 3b). In uphill incisions corneal deformation was concurrent with 
central flattening. With uphill incisions, a wave like contour was found to proceed the 
footplates of the knife. The contralateral part of the cornea was also found to flatten 
centrally, but the tissue was not pushed toward the limbus, i.e. no contralateral peripheral 
steepening was seen (Figure 3a). 
Because of the tissue distortion by the footplates, we could not determine at which 
angle the knife was held to the corneal surface (i.e. the tangent to the corneal contour at 
each knife position). Corneal deformation was also associated with displacement of tissue 
by the footplates in a lateral direction. Bulging of the tissue toward the camera that was 
used to make the contour images, prohibited visualization of the exact corneal 
deformation. Furthermore, preoperative contour dimensions and intraoperative 
deformation varied with each incision. Therefore, longitudinal tilt error of the knife and 
corneal deformation could not be quantified in a reliable format for comparison between 
both types of incisions. 
Discussion 
Experimental2"12·26 and clinical studies1921 have suggested that incision depth and 
associated refractive error change can be related to incision direction. Greater refractive 
correction was reported with the uphill incision technique (limbus to optical clear zone 
(OCZ); centripetal) in one eye, as compared to that with downhill incisions (OCZ to 
limbus; centrifugal) in the opposite eye of the same patient.20 Salz and McDonnell have 
also confirmed that greater depth is achieved with the Neumann front cutting (uphill) 
blade, compared to downhill incisions made with an oblique blade (Salz, J.J., personal 
communication, October 23, 1990).21 
Blade settings set to 80-100% of the thinnest paracentral pachometry readings are 
used for uphill incisions, made with the perpendicular blade edge.12·17 To obtain 
comparable refractive results, surgeons performing downhill incisions with the oblique 
blade edge, extend their blades up to 120%.12·17 In addition, some authors have suggested 
re-deepening the incision27·28 or to "square off' the (downhill) incision at the edge of the 
OCZ using the perpendicular edge of the blade.2729 The clinically observed difference in 
achieved incision depth was substantiated in a recent study,12 in which uphill incisions 
were found to produce 10-30% greater depth compared to downhill incisions within the 
same monkey eye. 
In the current study, uphill and downhill incisions were compared in a human 
donor eye model. Uphill incisions, made with the "front cutting blade" oriented 
perpendicularly to the footplates, produced about 15% greater depth than downhill inci-
sions, made with a "back cutting blade" oriented obliquely to the footplates (Figures 2, 
5a, 5b and 6a). When downhill incisions were also made with the perpendicular blade, 
incision depth did not differ significantly between uphill and downhill incisions (Figures 
70 Chapter 3.2 
2, 5c, 5d and 6b). This suggested the perpendicular blade action was more efficient in 
incising corneal tissue than the oblique blade, if all other factors affecting depth could be 
eliminated. 
Achieved incision depth may be affected by surgeon skill, quality of the 
instrumentation,30"36 improper measurement of blade extension,30·31·33·37-10 and corneal 
hydration.38 These factors were eliminated in the current study, since both types of 
incisions were made by the same surgeon, with the same knife, within the same cornea. 
Furthermore, the same blade setting was used; all corneas were thinned to the same 
preoperative thickness. A difference in sharpness between the blade edges was eliminated 
by sharpening of the diamond blade prior to the experiment.41·42 
Decreased incision depth may also result from lateral or longitudinal tilt error of 
the knife.12·30 Lateral tilt error, i.e. incision deviation from the perpendicular, did not 
differ significantly between both types of incisions. Longitudinal tilt error may be 
expected to occur in the direction of the incision, due to resistance of the corneal tissue.12 
However, intraoperative corneal profile pictures revealed that the knife was moved from 
the peripheral to the central cornea or vice versa at approximately the same angle to the 
limbal plane, with tilt error most often opposite to the incision direction (Figures 3a and 
3b). This knife tilt did not produce partial withdrawal of the blade out of the tissue by a 
leverage effect of the footplates, as was previously hypothesized.12·30 Instead, the 
footplates induced corneal deformation; the tissue reshaped accordingly to the footplates' 
configuration and orientation. Due to this non-rotatory knife movement in the sagittal 
corneal plane and to the tissue deformation, no angle between the footplates and the 
anterior corneal surface (longitudinal tilt error) could be measured for comparison 
between uphill and downhill incisions. Therefore, greater achieved depth in uphill 
incisions may mainly result from the more efficiently incising perpendicular blade 
configuration. How can this feature be explained? 
To our knowledge, little is known about the physical forces induced by blade 
movement through corneal tissue.12·16·24·33"36'4143 Corneal biomechanics may vary with 
individual patient factors such as corneal bio-elasticity,5·13·41-14 with differences in surgical 
technique such as rate of blade motion26·36 and incision direction,12·24·26 and with blade 
characteristics such as blade material30"36 and configuration.12·26 With steel blades, relative 
small cut edge impurities are believed to account for a different mode of tissue separation, 
as compared to thinner and smoother diamond blades.33"36·41·42 This may suggest that a 
perpendicular or oblique blade configuration may also induce a significant different 
physical resistance of corneal tissue. 
In theory, the resistance-force of tissue to the oblique blade has an upward vector, 
that will tend to lift the blade out of the tissue ("Wing effect", Figure 7a). It may be 
expected that this upward force can be easily overcome by the surgeon and that knife 
pressure applied onto the comea will exceed the intraocular pressure. Therefore, the 
tissue may actually slip underneath the oblique blade; the upward vector on the oblique 
blade edge may serve as a downward force on the tissue, causing the tissue to protrude 
into the anterior chamber ("Reversed wing effect", Figure 7b). In contrast, perpendicular 
blade action will not generate an upward vector (Figure 7c). Knife tilt opposite to the 
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Figure 7: Diagram demonstrating the theoretical 
vector forces on the corneal stroma induced by the 
action motion of the oblique blade edge (a: "Wing 
effect'; b: "Reversed wing effect') and of the 
perpendicular blade edge (c; and d: 'Plough 
effect"). See text for explanation. 
incision direction, i.e. away from the 
visual axis (as was observed in uphill 
incisions) may even result in a resistance 
force with a downward vector, through 
which the knife would tend to dig deeper 
into the stromal tissue ("Plough effect", 
Figure 7d). 
This plough effect, as a result of 
tilt error away from the visual axis and 
contour deformation (Figure 3a), was 
also visualized histologically in uphill 
incisions. In successive sections from 
central to paracentral portions of uphill 
incisions, the deepest wound regions did 
appear first, while the immediately 
overlying anterior stroma was still intact 
(Figures 5c and 5e). The incision over its 
full depth with the break in Bowman's 
layer, appeared in sections toward the 
periphery. Downhill incisions (made with 
an oblique blade) have been described to 
leave an area uncut adjacent to the OCZ, 
resulting in 'enlargement' of the OCZ in the posterior cornea.29 In contrast, due to the 
plough effect, the actual diameter of the OCZ in the posterior cornea may be smaller than 
intended, i.e. smaller than marked on the corneal surface, when uphill incisions are used 
(Figure 2). This may partially explain the greater refractive effect with the use of uphill 
incisions, and the beneficial refractive effect of the "squaring off' technique with 
downhill incisions.27"29 
The difference in effect between the perpendicular and oblique blade on tissue 
cleavage, may further be illustrated by the respectively straight 'wound' configuration in 
uphill (Figures 5a, 5c, 5d and 5e) and the "S" or "J" shaped configuration in downhill 
incisions (Figures 5b and 5f).24 With the perpendicular blade, all lamellae are incised 
simultaneously over the full depth of the incision (in the plane that was viewed 
histologically), which may be expected to result in a histological straight 'wound' 
configuration. However, with the oblique blade, cleavage of the anterior lamellae 
precedes that of the posterior lamellae, apparently resulting in a curved 'wound' 
configuration. This suggests that during the successive cleavage of the anterior to 
posterior lamellae a re-orientation of the yet uncut lamellae takes place, either by an 
altering strain distribution within the cornea as more lamellae are cut,13·44·"5 and/or by 
small changes in lateral tilt of the knife during the performance of a downhill incision.43 
Since previous studies7·9""26 reported depth variability up to 30% or more within 
the same incision, it was surprising to find relatively constant depth over the length of the 
incisions in our study (Figures 6a-f and 7a-c). This may be explained by thinning of the 
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fresh comeas to physiological thickness,13 polishing of the diamond blade prior to the 
experiment,30·32·36 or the insertion of black ink into the incision following surgery, which 
facilitated exact determination of achieved depth. The small variation in depth among 
incisions made in corneas of different donors, may have resulted from the use of the same 
blade setting following thinning of all corneas to the same preoperative thickness. 
Pressure on the globe and concurrent deformation appeared to be more pronounced 
in uphill incisions, particularly in the paracentral cornea (Figures 3a and 3b). It could not 
be determined whether the deformation resulted from (primarily) greater pressure applied 
to the cornea by the surgeon, or from the perpendicular blade motion generating more 
resistance and subsequent requirement of more (secondary) knife pressure. To determine 
how corneal deformation30·41,42 and associated interindividual differences in bio-elastic 
properties5·13·43·44 affect achieved depth, uphill and downhill incisions were made with the 
intraocular pressure elevated to 60 mmHg during surgery (Figures 5e and 50· Although 
uphill incisions were still found to achieve significantly greater depth, downhill incisions 
were about 10% deeper and showed less depth variability (smaller standard deviation) 
compared to those made at 15 mmHg (Figures 6a and 6c). Approximately similar depth 
of uphill incisions at 15 and 60 mmHg suggested that pressure on the globe by the knife 
during surgery does not affect achieved depth of these incisions. Reduced pressure within 
the anterior chamber, for example with microperforations, could therefore be expected to 
decrease achieved depth with downhill incisions to a higher degree than with uphill 
incisions. 
The effect of bio-elastic properties of individual corneas on refractive effect5·13·43·44 
was not studied in this experiment. Relatively greater depth in a stiff comea and 
shallower depth in a more elastic cornea with downhill incisions, may theoretically result 
in the same amount of peripheral bulging and secondary flattening of the central cornea.5 
Greater predictability of achieved depth with uphill incisions may therefore not 
necessarily imply greater predictability of refractive effect. 
In conclusion, the results suggest greater refractive effect with the use of uphill 
incisions to be related to two factors. First, the perpendicular blade edge may be more 
efficient in achieving depth than its facing oblique edge of the same diamond blade. 
Second, knife tilt away from the visual axis in uphill incisions may result in a smaller 
OCZ within the posterior stroma than intended. Furthermore, the perpendicular blade 
edge was found to create a straight incision configuration and a relative constant depth 
over the length of the (semi-radial) incision, irrespective of incision direction or the level 
of intraocular pressure during surgery. In contrast, with the use of the oblique blade edge, 
the incisions showed a curved 'wound' configuration and achieved depth increased with 
elevation of the intraocular pressure. Greater efficiency of the oblique blade, i.e. greater 
depth and depth-predictability may therefore be obtained by artificial intraocular pressure 
elevation during surgery. 
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3.3 - Three versus four radial keratotomy incisions 
Gerrit R.J. Melles, Attie T.J.I. Go, W. Houdijn Beekhuis, 
Gabriel van Rij and Perry S. Binder 
Abstract 
Radial keratotomy (RK) is currently performed with four or eight semi-radial incisions. To 
evaluate the effect of a theoretically more stable three-incision RK pattern, centripetal 
incisions were made in 16 human donor eyes (8 pairs), using a double-edged diamond 
blade set to 90% of central pachometry and a 3.5 mm optical clear zone. Intraocular 
pressure was maintained at 15 mmHg during surgery and while keratometry readings 
were made. One randomly selected eye of each pair had three radial incisions made at 
12, 4 and 8 о 'clock; the other eye had four radial incisions at 12, 3, 6 and 9 о 'clock. 
Corneal flattening of 6.08 diopters (D) was found with four incisions, and 4.84 D with 
three incisions (p<0.05). Astigmatism increased 0.44 D and 0.69 D respectively 
(p>0.1). Histologically measured mean incision depth (77.4%) did not differ significantly 
between both groups (p>0.1). This study shows that 80% of the effect of a four-incision 
RK pattern can be obtained with a theoretically more stable three-incision pattern. 
(J Cataract Refract Surg 1992;18:27-36) 
Keywords: cornea, incision pattern, myopia, radial keratotomy, refractive error, 
Presented at the International Society for Refractive Surgery meeting. New Orleans, 1989. 
From the Eye Hospital, Rotterdam, The Netherlands; the National Vision Research Institute, San 
Diego, U.S.A.; and the Laboratory of Cell Biology and Histology, University of Leyden, The 
Netherlands. 
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Introduction 
Since the introduction of radial keratotomy (RK) to the United States in 1978, 
more than 500,000 procedures have been performed for the correction of myopia.1 
Depending on the degree of preoperative myopia, the technique uses an optical clear zone 
of 3.0 to 5.0 mm and four or eight semi-radial incisions made with a diamond knife. The 
blade is commonly adjusted according to the thinnest central or paracentral preoperative 
or intraoperative ultrasonic pachometry readings, to obtain an incision depth 
approximating 90% of the corneal thickness. Patient factors such as age, sex, corneal 
curvature and preoperative myopia, and surgical variables such as incision number, 
direction, length and depth influence the refractive outcome2"12 
Initially, surgeons used sixteen or more incisions.13 Subsequent experimental 
studies6-11 revealed that postoperative refractive error change did not correlate 
proportionately with the number of incisions; the first four of 16 incisions were found to 
contribute 62-67% and the first eight incisions to contribute 85-89% to the final corneal 
curvature change.6'9 These studies, which were performed in human cadaver eyes, 
demonstrated a much greater effect for a given operation than the clinical results, i.e., a 
given keratotomy procedure will achieve a greater corneal flattening effect in a cadaver 
eye than in a living human eye. 
As clinical and experimental data accumulated, surgeons learned that fewer 
incisions could achieve similar refractive effects while decreasing the risks of corneal 
perforation and postoperative glare.14·15 Fewer incisions permit more rapid visual recovery 
and refractive stability. Fewer incisions may result in decreased potential endothelial cell 
loss,16"19 fewer potential inoculation sites for pathogens,20 and fewer microperforations and 
associated risks such as cataract formation,21·22 epithelial ingrowth,23 and Descemetocele.24 
Penetrating keratoplasty procedures following RK may be less complicated with fewer 
incisions.25 In addition, fewer incisions are technically easier to perform, while affording 
the possibility of re-operation in case of undercorrections.14·26 Since achieved incision 
depth becomes shallower as the cornea is incised, some surgeons extend their blades after 
the first four or eight incisions and/or reincise wounds to achieve maximum refractive 
effect.27 Fewer incisions may achieve more uniform incision depth incisions and, 
consequently, more predictable postoperative refractive change. 
To our knowledge no published study has documented what effect a reduction of 
the number of incisions below four has on refractive change. A three-incision RK pattern 
with three half-weakened meridians may, in theory, enhance stability more than a four-
incision pattern with two completely weakened meridians. We performed this study to 
determine corneal curvature change following three or four radial incisions, using a 
human eye bank model. 
Materials and methods 
Sixteen human donor eyes (8 pairs) were used less than 48 hours post mortem 
(Rotterdam Comea Bank, Rotterdam; Eurotransplant Eye Bank, Leyden; Interuniversity 
Ophthalmic Institute, Amsterdam). The average donor age was 72.4 years (range 60 to 86 
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years). Each globe was placed in an eye 
holder equipped with a suction ring 
connected to a custom built vacuum 
pump, to immobilize the posterior globe 
and to increase the intra-ocular pressure 
(IOP). The epithelium was gently 
removed with a cellulose sponge. 
Corneal thinning was achieved by 
subjecting the globes to an IOP of 32-37 
mmHg for about 50-90 minutes. 
Preoperative and postoperative 
COrneaSCOpe pictures were made.28 Three Figure 1: Tlie incision patterns performed in each 
preoperative and SIX postoperative pairo/eyes that were used for tins study. 
keratometry readings (Haag Streit, Bern) 
were taken by a person who was not the surgeon (AG). The IOP during all keratometry 
measurements and surgery was maintained at 14-16 mmHg with the suction device and 
measured with a Schiotz tonometer. Both corneas of each pair were thinned to the same 
pre-operative thickness with the suction ring (0.58 mm average, Table 1), to allow use of 
the same blade extension in both eyes. The blade was set to 90% of the thinnest of five 
central pachometry readings (Cilco Sonometrics, Villasenor Ultrasonic pachometer),29 
using a coin gauge under a non-coaxial illuminated operating microscope at maximum 
magnification with monocular viewing. One surgeon (GM), experienced with 
experimental RK procedures only, made all incisions in the same sequence from the 
limbus to the optical clear zone (OCZ) (uphill; centripetal; "Russian" technique)12 with a 
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Figure 2: Keratometry data before and one to six minutes after surgery. An initial phase with rapid corneal 
flattening was followed by a second phase with slow progression of effect. 
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Table 1 - ACHIEVED INCISION DEPTH (in %) 
































































































82 0 2 2 
763 4 4 
747 1 8 
827 2 8 
714 3 9 
770 7 4 
749 2 4 
801 4 1 
77 4 3 6 
5 3 
front cutting diamond blade (Drukker International, Amsterdam). After marking a 3.5 
mm OCZ (Mona Instruments, France), the blade was inserted just within the limbus and 
positioned steadily for a few seconds to let the blade "seat", before completing the 
incision. In one eye of each pair that was randomly selected, three equally-spaced, semi-
radial incisions were made at the 12, 4 and 8 o'clock surgical positions, whereas four 
equally-spaced, semi-radial incisions were placed in the other eye at 12, 3, 6 and 9 
o'clock (Figure 1). Incisions at 12, 3, 4 and 6 o'clock were placed with the right hand, 
and incisions at 8 and 9 o'clock with the left hand. Both corneas of the same pair were 
treated on the same day. The 12 o'clock position of the globe was chosen at random 
immediately prior to surgery, since the globes were not marked for their anatomical 
position. 
The IOP was adjusted to 14-16 mmHg prior to keratometry measurements which were 
taken 1, 2, 3, 4, 5 and 6 minutes after surgery. The readings at 4, 5 and 6 minutes were 
Table 2 - KERATOMETRY-READINGS (Diopters) 
pre-op 1 mm 2 mm 3 mm 4 min 5 min 6 min 
4 incisions 
Average 43 7 39 9 38 9 38 5 37 7 37 7 37 6 
Sd (n-1) 2 46 33 33 35 31 31 30 
3 incisions 
Average 43 5 40 2 39 6 39 2 38 7 38 7 38 6 
Sd (n-1) 2 16 26 30 27 29 29 27 
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averaged and used for comparison with 
preoperative readings (Figure 2, Table 
2). Pachometry was repeated after all 
other measurements had been completed 
and before suction was turned off. The 
paracentral end of each incision was 
marked with black ink to facilitate 
localization of the incision after tissue 
embedding. 
Following excision from the 
globe, the comeo-scleral rims with the 
12 o'clock meridian of the scleral flap 
identified, were immersed in 10% 
phosphate-buffered formalin at pH 7.4. 
Specimens were dehydrated through two 
series of 90% and 100% ethanol and 
each incision was embedded separately in 
Technovit for light microscopical 
analysis. Two-micron sections were cut 
perpendicular at the paracentral region of 
each incision, within 0.5 mm from the 
edge of the OCZ. After staining with 
Toluidine blue O, the sections were 
viewed and photographed at χ 150 
magnification, and the deepest point of 
each incision was marked at x450 
magnification. On the photomicrographs 
a parallel line drawn at the anterior 
margin of Bowman's layer, a second line through the deepest point of each incision and a 
third line at the junction of Descemet's membrane and the endothelium. Using these lines, 
a relative stromal incision depth as a percentage of total corneal thickness was measured 
in masked fashion (Figure 3).12 All data were statistically analyzed with a paired 
Student's-t-test and SSPS regression analysis. 
Tension force distribution in the cornea after three and four radial incisions was 
calculated using a hypothetical model in which the cornea was built from 240 equally 
thick lamellae, lying parallel to the corneal surface. Within each lamella all collagen 
fibers had the same direction.30 The 240 lamellae were orientated over 360°, so each 
lamella with its fibers was orientated at an 1.5° angle to another lamella and its fibers31 
(Figure 4). Intra-ocular pressure was distributed equally across total corneal thickness, so 
that each lamella was bearing the same tension.32 For each lamella we calculated the 
bundle width of non-incised fibers through a 3.0 mm OCZ (done to estimate the 
maximum surgical effect) following either three or four radial incisions 100% in depth, 
using the formulas printed in Figure 5a and 5b. Remaining lamellar corneal integrity, i.e. 
crimcLiun 
шізітгг a LAVI 
I P C I t l O M ЕЖЭТМ 
DSOTOCLI UM 
Figure 3; Computer drawing of how relative 
stromal incision depth was measured. 1 = line 
drawn at anterior Bowman's layer; 2 = line drawn 
at deepest point of incision; 3 = line drawn at 
junction of Descemet's membrane and endothelium. 
3 R D LAMELLA 
2 Ι Φ LAMELLA 
1 S T LAMELLA 
Figure 4: Vie cornea model showing lamellae 
oriented at 1.5° intervals to each other. Within 
each lamella all fibers had the same direction. 
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Figure 5: The model showing bundle width of nomncised fibers through a 3.0 mm optical clear zone (OCZ) in 
each lamella after four (left) and three radial incisions (right). Vie bundle width, representing remaining corneal 
integrity, was calculated at intervals of 1.5°. Vie results are shown in Figure 6. 
BUNDLE WIDTH THROUGH CENTRAL CORNEA 
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Figure 6: Computer model of variation of remaining integrity among the lamellae at 1.5° intervals over 360°. 
Four radial incisions (lower line) showed a more inegular weakening pattern than did three radial incisions 
(upper line). 
unaffected tissue in superposed lamellae at 1.5° intervals was quantified for each incision 
pattern (Figure 6). 
Results 
Three or four centripetal semi-radial keratotomy incisions were made in 16 human 
donor eyes (8 pairs). The average preoperative keratometry reading of the four-incision 
group was 43.70 D (SD,,., ± 2.46 D), and did not differ significantly from that of the 
three-incision group: 43.50 D (+ 2.16 D) (p>0.1) (Table 3). The difference in 
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preoperative astigmatism between the four-incision group (0.96 D + 0.55 D) and the 
three-incision group (0.91 D + 0.32 D) was also not significant (p>0.1) (Table 4). The 
average corneal curvature change in the four-incision group was 6.09 D (+ 1.57 D) 
(range 3.96 to 8 02 D); in the three-incision group it was 4 84 D (± 0 92 D) (range 3.35 
to 5.81 D) (Table 3). The astigmatism increased 0.45 D (± 1.35 D) in the four-incision 
group and 0.69 D (± 1.26 D) in the three-incision group (Table 4). The difference in 
corneal flattening between the three- and four-incision groups was found to be significant 
(p<0.05) (Figure 7), whereas the increase in astigmatism did not differ significantly 
between the two groups (p>0.1) (Figure 8). Similar results were found in a preliminary 
study in which three or four centrifugal incisions were made in seven pairs of human 
donor eyes. 
In the three incision group there was a negative correlation between corneal 
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Figure 7: Difference in corneal curvature change 
folloning three versus four radial incisions 
(p<0.05). 
Diopter· 
thickness and flattening effect obtained 
(p<0.05); this correlation tended 
towards significance in the four-incision 
group (p<0.06) (Figures 9a and b; 
Tables 1 and 3). In the four- and three-
incision groups a significant positive 
correlation between corneal thickness and 
achieved incision depth was found 
(p<0.05) (Table 1). In both groups there 
was no significant correlation between 
corneal flattening and pre-operative 
keratometry (p>0.1) (Table 3), and 
between flattening and achieved incision 
depth (Tables 1 and 3) (p> 0.1). 
Keratometry readings at 1, 2, 3, 
4, 5 and 6 minutes after surgery revealed 
that corneal flattening occurred in two 
phases3' (Figure 2; Table 2). Within the 
first few minutes a rapid decrease in 
corneal curvature (flattening) was 
recorded, that may have been due to re-
distribution of intracomeal forces after 
intraocular pressure adjustment. After 
approximately four minutes we found 
either a stabilization or a further slow 
decrease in keratometry readings, which 
may be explained by edematous swelling 
of the wound edges," since postoperative 
central pachometry readings did not show 
an increase. 
An increase in postoperative astigmatism of 1 D or more occurred in four eyes 
(Table 4), but did not appear to be explained by surgical error, since both intraoperative 
and histological examination did not reveal any of the incisions to be eccentric, 
significantly deviated, or unequal in depth (Table 1). Another explanation could be 
inaccurate keratometry measurements when one axis mire of the keratometer was placed 
over an incision. Gross inspection of the central three rings of the corneascope pictures 
did not show an oval shape change following surgery. Nonperpendicularity of the 
keratometric axes (warpage) averaged 14.3° (SD„., + 15.3°) in the four-incision group, 
and did not significantly differ from that in the three-incision group: 17.3° (± 13.7°). 
Paracentral incision depth was measured within 0.5 mm from the edge of the 
optical clear zone. The average achieved relative stromal incision depth in the four-
incision group was 76.9% (SD„., ± 4.0%) and did not differ significantly from the 
average depth in the three-incision group: 78.1% (+ 4.5%) (Table 1). Intra-individual 
Figure 8: Difference in astigmatism increase 
following three versus four radial incisions 
(p>0.1 J. See text for discussion. 
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incision depth variability (within each pair) was found to be 3.6%. Inter-individual 
incision depth variability (among all pairs) averaged 5.3% (Table 1). Corneal thickness 
normally increases about 0.15 mm from the center (0.52 mm) towards the limbus (0.67 
mm).30 Within the 0.5 mm zone in which the incision was sectioned, a 0.02 mm increase 
of corneal thickness will be responsible for a 3% incision depth variation due to section-
error-bias (Figure 10). In addition, variation in depth measurement was calculated to be 
1%. In all pairs incision depth variability did not fall within this 4% bias range (Table 1). 
Before performing this experiment we hypothesized that if we could determine the 
tension force distribution in the cornea after three and four radial incisions, we might 
learn how the incisions influence corneal stability. To achieve this goal we used a model 
that allowed us to quantify remaining radial integrity of the cornea over 360° following 
three and four incisions (Figure 4). Four radial incisions showed an irregular weakening 
pattern with two relatively unstable meridians at 0° and 90°. In contrast, a three incision 
pattern showed less variation in weakening among the lamellae (Figures 5a, 5b and 6). 
Discussion 
The current study compared a three-radial with a four-radial incision pattern in a 
paired human eye-bank model. Human cadaver eyes achieve a greater curvature change 
than living human eyes following keratotomy. For example, with the use of four radial 
incisions, Salz et al. and Jester et al. reported 6.5 D corneal flattening in cadaver eyes,*"8 
whereas clinically a refractive error change averaging 2.6 D was found.26 A regression of 
the flattening effect is expected after wound healing has occurred. Assuming a similar 
pattern exists, three incisions may be expected to provide a clinical refractive correction 
of 1.0 to 2.5 D, depending on the diameter of the optical clear zone. Despite our concern 
about proper spacing of three incisions34 and the effect of three incisions on cylindrical 
error, induction of irregular astigmatism with warpage, i.e. non-perpendicularity of the 
keratometric axes in the three incision group could not be substantiated. 
The difference in corneal curvature change between the three-incision and four-
4 ι дс u i on group 3 ІІКИЮП group 
Figure 9: Linear regression correlation between corneal cui-varure change and corneal thickness in the four (left) 
and the three incision groups (right). 
84 Chapter 3.3 
incision group was not explained by a difference in achieved paracentral incision depth 
(Table 1). Since we measured only the deepest point of the incision near the edge of the 
optical clear zone, we had only one aspect of wound depth to compare with refractive 
change. Perhaps if we measured several points along the bottom of the incision, as we 
had done in a previous project,12 we would have been able to correlate refractive change 
with incision depth. Although clinical studies have suggested more refractive effect can be 
achieved with "deeper" incisions, studies that use the slit beam or optical pachometry to 
measure achieved depth will not measure the relative incision depth as accurately as we 
did at 450x. Since we measured one point of the incision in a fixed, light microscopic 
specimen and since our experiment used artificially thinned corneas, we may not have 
expected to find a correlation of achieved incision depth and refractive change. Although 
we found no statistical difference between achieved incision depth in four-incision and 
three-incision RK in our model, we found a greater refractive change in the four-incision 
group. We assumed the difference was due to more corneal lamellae being incised. 
Intra-individual incision depth variability (within the same pair) (SD ± 3.6%) was 
lower than inter-individual depth variability (among all pairs) (SD + 5.3%). Although 
inaccurate blade extension35 or pachometry readings25·36 may normally result in depth 
variability among separate eyes, these factors were eliminated in our study, since both 
corneas of the same donor were thinned to the same preoperative thickness and the same 
blade extension was used for both eyes. If both corneas of the same individual donor have 
the same viscoelastic properties, achieved incision depth variability (with a few incisions) 
is partially caused by viscoelastic differences of the comea between individual pairs. 
Since incision depth is highly correlated with the refractive effect obtained,2"*·9 
unpredictability of refractive outcome may result from differences in viscoelastic corneal 
properties between individual patients. 
Viscoelastic properties of the cornea may affect achieved incision depth in two 
ways. First, achieved wound depth may be decreased by corneal tissue resistance to the 
blade during the performance of an incision. Second, corneal contour deformation in a 
longitudinal or vertical direction may reduce effectiveness of blade action through the 
tissue. Profile images, i.e. lateral examination of the globe, revealed more corneal 
contour deformation with a centripetal than with a centrifugal incision made in the same 
human cadaver eye (see chapter 3.2). Theoretically, corneal deformation can be 
minimized if the IOP is higher than the pressure applied to the cornea by the knife. 
Temporary intraoperative IOP increase may therefore decrease wound depth variability 
from viscoelastic corneal factors and may give better predictability of refractive outcome. 
Apart from intraoperative resistance elasticity, the cornea is also subjected to 
postoperative stress-strain elasticity. Using a computerized model, Vito et al.' calculated 
that higher individual corneal elasticity ('Young modulus') results in more deformation 
and concomitant central flattening. To quantify corneal elasticity, Fyodorov37 has 
described a scleral-rigidity formula and collagen density measurements using paralimbal 
biopsy. 
In the current study there was a negative correlation between corneal thickness and 
corneal flattening, i.e., the thinner the cornea the more flattening was obtained. No 
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significant correlation between flattening 
and incision depth was found. This 
suggests that the flattening effect 
obtained may not depend primarily upon 
the relative incision depth, but rather on 
the amount of non-incised (remaining) 
tissue underneath the incision.9 Accuracy 
of blade extension may be expected to be 
better in thicker corneas, since the same 
absolute extension error will have 
relatively less effect on achieved wound 
depth as the cornea is thicker. 
Although thicker corneas may be 
"suffer",' clinical data did not reveal a 
correlation between corneal thickness and 
refractive outcome.23'' How can the 
correlation(s) found in our study be 
explained? Our in-vitro donor corneas, 
that underwent unphysiological thinning preoperatively were evaluated immediately after 
surgery, whereas some degree of wound healing had occurred before clinical data of live 
patients were collected.2·3 In addition, collagen properties can change with age;4·9·30·37·38 
the majority of patients having RK are between 21 and 40 years of age, whereas our 
average donor age was 72.4 years. 
Preserving corneal integrity by using fewer incisions appears to be associated with 
several factors that may improve predictability and safety. Less fluctuation and glare,14·15 
fewer microperforations, and fewer inoculation sites for bacteria20 and epithelium23 may 
be expected. Minimizing surgical trauma and concomitant inflammation may reduce 
endothelial cell loss16"19 and may aid wound healing.39"" A small number of incisions will 
be easier to perform while providing space for placement of additional incisions in case of 
undercorrection.14·26 Subsequent penetrating keratoplasty and cataract procedures may be 
less complicated.21·22·25 Published data of Salz et al.8 showed an intra-individual and inter-
individual depth variability of 7.5% and 8.2% respectively, using eight incisions. The 
lower intra-individual and inter-individual incision depth variability found in our study 
suggests that few incisions may improve predictability of refractive outcome. 
Preservation of corneal integrity may depend upon not only the number of fibers 
that loose their integrity, but also the variation in weakening among the lamellae. Using a 
theoretical model we calculated remaining corneal integrity in 240 superposed lamellae 
oriented over 360° (Figure 4) following four or three radial incisions 100% in depth, 
using a 3.0 mm optical clear zone (Figures 5a and b). The three-incision pattern showed a 
more equal distribution of stromal weakening measured at 1.5° intervals (Figure 6). With 
more equal tension force distribution, a three-radial incision pattern may result in more 
refractive stability than a four-incision pattern. 
The clinical implications of this study are obvious: three incisions can produce 
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Figure 10: 77ιβ theoretical influence of increasing 
corneal thickness from the center toward the limbus 
(0.15 nan) on incision depth. A blade set to 90% of 
central corneal pachometry will theoretically 
achieve 83% depth at the edge of the optical clear 
zone. Tlie relative stromal incision depth measured 
in the paracentral incision region, within 0.5 mm 
from the edge of the optical clear zone, may vary 
3% solely due to section bias (theoretical incision 
depth at A = 90%, at В = 83%, and at С = 
80%). 
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significant corneal flattening without increasing astigmatism. If we extrapolate the cadaver 
eye model that was used with four-incision procedures to a three-incision procedure, an 
experienced surgeon may achieve 1.5 to 3.0 D of keratometry change with a three-
incision procedure. A three-incision RK would be indicated for a patient over 40 years of 
age with 2.0 to 3.0 D of myopia to avoid potential overcorrection with a four-incision 
procedure. We did not examine an optical clear zone below 3.0 mm. Since only three 
incisions were used, it is theoretically possible that smaller optical clear zones (and 
thereby greater refractive change) could be used without adversely affecting glare and 
"star-bust" complaints. Three incisions could be combined to make six incisions in cases 
in which the surgeon is concerned that an eight-incision RK may produce overcorrection. 
A three-incision procedure, followed by a second three-incision procedure, may be used 
to "titrate" a refractive change more predictably than a repeat four-incision procedure. 
Finally, a three-incision procedure does not weaken the cornea as much as a four-incision 
procedure, thereby theoretically decreasing the risk of traumatic perforation. If a three-
incision procedure could correct up to 3.0 D or more with a 3.0 mm optical clear zone, it 
would be comparable to the excimer laser procedure.42 
In conclusion, this study shows that in human cadaver eyes 80% of the refractive 
effect can be obtained with three incisions, without creating more astigmatism. Corneal 
viscoelastic resistance properties of individual patients appeared to be a factor determining 
incision depth and therefore refractive outcome. 
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CHAPTER 4 - HEALING MORPHOLOGY 
OF UNSUTURED CORNEAL WOUNDS 
4.1 - Effect of wound location, orientation, direction and postoperative time on 
unsutured corneal wound healing morphology in monkeys. 
Gerrit R.J. Melles and Perry S. Binder. 
Abstract 
Background: Clinical observation suggests the location, orientation, direction and 
postoperative time of unsutured corneal wounds may affect healing. 
Methods: We studied wound depth, deviation, width, and healing phases in central to 
peripheral portions of superior and inferior transverse incisions, and centripetal and 
centrifugal semi-radial incisions. Healing phases were quantified by the degree of 
epithelial plug elimination and by fibroblast orientation to the wound. 
Results: Healing rates varied among individual monkeys. Complete stromal wound closure 
was seen as early as 2.5 months postoperative, whereas epithelial plugs were present up 
to 11 months. Average depth did not differ between superior (61.7%, ± 13.4%) and 
inferior transverse incisions (66.3%, ± 8.2%) (p>0.1); all incisions deviated toward the 
limbus (28.9°, ± 19,9" and 31.0°, ± 19,8°) (p>0.1). Superior transverse wounds 
showed advanced healing compared to mate inferior wounds (p<0.05). Compared to 
centrifugal wounds, centripetal wounds had greater depth (48.1%, ±7.3% vs. 76.0% ± 
7.0%) (p<0.0005), greater width (17.2 μm, ± 4.5 μΐη vs. 27.8 ßm, ± 6.9 μΐη) 
(ρ<0.01), and earlier healing phases (p<0.025). With longer postoperative time 
intervals, fibroblast orientation appeared to change from a relatively perpendicular, to a 
parallel orientation to the wound. 
Conclusions: Transverse incisions may be difficult to perform perpendicular to the corneal 
surface. Superior transverse wounds may heal faster than mate inferior wounds, and 
centrifugal radial wounds may heal faster than centripetal wounds. Differences in semi-
radial wound morphology may be related primarily to incision depth and postoperative 
time; incision direction and diamond blade configuration may also affect wound healing. 
(Refract Corneal Surg 1992;8:427-438) 
Keywords: Wound healing, radial keratotomy, incision direction, incision orientation, 
incision technique, postoperative time, comea, diamond knife 
From the National Vision Research Institute, San Diego, U.S.A.; and the University of Nijmegen, The 
Netherlands. 
90 Chapter 4.1 
Introduction 
Different keratotomy incision patterns are currently being employed for myopic1 
and astigmatic refractive errors.2 These procedures involve the placement of incisions in 
all corneal quadrants with a great variety in number, location, orientation, and direction 
of incisions. 
Histopathologic studies of clinical cases3 and experimental morphological models4" 
11
 have suggested that wound healing varies with these parameters. Superior corneal 
wounds clinically appear to heal faster than inferior wounds. Transverse wounds may heal 
faster than semi-radial wounds.8,10 Peripheral wounds may heal faster than central 
wounds.11 Greater incision depth is achieved with centripetal than with centrifugal 
incisions,1214 which agrees with clinical observations that centripetal incisions produce a 
greater change in refractive error.1518 
The slit-lamp appearance of keratotomy incisions has been described to change 
over time, with an initial opacification of the wound margins and development of 
"spicules" or "fleecy pieces" at later postoperative time intervals.19,20 After an early 
regression, the refractive effect in some eyes may show a slow progression in hyperopic 
direction,21 which may result from wound remodeling following surgery.' 
Since wound healing has been postulated to affect refractive outcome,3·5•8,9,1,,22·23 
the incisions' location (superior versus inferior), orientation (transverse versus radial), 
and direction (centripetal versus centrifugal) or the postoperative time may influence 
refractive effect. The purpose of this study was to gain a better understanding of how 
these factors contribute to corneal wound healing, and how standardization of surgical 
technique may improve predictability of refractive outcome. 
Materials and methods 
Keratotomy procedures were performed by one surgeon (PSB) following a 
previously described protocol,12 in five adult female monkeys (Macaca fascicularis), 8-10 
kg in weight (aged 8-11 years). All animals were housed and treated according to the 
ARVO resolution for animal care. 
A double edged diamond blade (KOI, Inc.) was set to achieve 80% of the thinnest 
ultrasonic central corneal reading to avoid corneal perforation (Storz, Corneascan I). 
Blade extension was measured monocularly under the operating microscope at maximum 
magnification using a coin gauge. Centripetal (uphill; limbus to optical clear zone (OCZ); 
"Russian" technique) incisions were made using the anterior, perpendicular cut edge, and 
centrifugal (downhill; OCZ to limbus; "American" technique) incisions using the 
posterior, oblique cut edge. A 3.0 mm OCZ centered on the pupil (Katena Instruments) 
was used for radial incisions and a 5.0 mm OCZ for transverse incisions 3.0 mm in 
length. 
All monkeys except number 3 underwent a bilateral, modified trapezoidal 
keratotomy procedure with one transverse incision and two semi-radial incisions placed in 
each half of the cornea (Figure 1). Monkey 3 had eight semi-radial incisions made in each 
cornea (Figure 1). In monkeys 1, 2 and 3, centripetal and centrifugal incisions were made 
in each eye. Two months after the initial keratotomy procedure, four centrifugal incisions 
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were added in each eye of monkey 4. 
Eleven months postoperative two 
centripetal and two centrifugal incisions 
were added in each eye of monkey 5 
(Figure 1). In monkeys 4 and 5, a blade 
extension of 110% of the central 
pachometry was used for centrifugal 
incisions made in the initial keratotomy 
procedure, and an extension of 80% was 
used for centripetal and centrifugal 
incisions in the secondary procedure. 
Monkeys 1, 2 and 3 were 
terminated 8 months after surgery, 
monkey 4 after 4.5 months, and monkey 
5 after 22 months, using an overdose of 
intravenous pentobarbital. Eyes were 
enucleated and each corneal scleral rim 
was carefully excised from the globe. 
The corneas of monkeys 1, 2, 4 and 5 
were cut in half vertically and those of 
monkey 3 horizontally. Corneal halves 
were processed for light and transmission 
electron microscopy' or frozen for future 
histochemical analysis. 
Semi-radial incisions were 
sectioned in the mid-central and mid-
peripheral portions, or in the central, 
mid, and peripheral portions of the 
incision as previously described.12 
Transverse incisions were sectioned in 
the mid and peripheral portions of the 
incision. One micron sections were cut 
perpendicularly to the semi-radial 
incisions and at an angle to the 
transverse incisions (Figure 2). After 
staining with toluidine Blue O, sections 
were viewed and photographed at 150x 
and 450x magnification (Olympus Vanox 
light-microscope). Photomicrographs of 
incisions had a parallel line drawn at the 
junction of the epithelium and Bowman's 
layer, a second line parallel to each 




Figure 1: Keratotomy patterns performed for this 
study. Arrowheads indicate incisions made in 
secondary operations. In monkeys 4 and 5 the blade 
was set to 110% of central pachometry for the 
initial incisions, and to 80% for the secondary 
incisions (see text). 
Figure 2: Diagrammatic representation of how 
sections were made perpendicular to semi-radial 
and at an angle to transverse incisions (OCZ = 
optical clear zone). 
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A В 
Figure 3: Diagrammane representation of the numerical scoring model used for this study. (A) Each wound was 
evaluated in six equal stromal regions (I-VI). Vie degree of epithelial plug elimination was scored from 6 to 0 (6 
= epithelial plug present in all wound regions; 0 = complete elimination of the plug). Tlie results are shown m 
Tables 1 and 2. (B) For each wound region, fibroblast onentanon to the wound was scored from 3 to 0 (3 — 
across the wound; 0 = parallel to the wound). Tlie results are shown in Tables 1, 2 and 3. 
of Descemet's membrane and the endothelium. Using these lines, measurements of the 
incisions' relative stromal incision depth and deviation from the perpendicular were taken 
(See Figure 3 of reference 12). Since transverse incisions were sectioned at an angle (± 
45°) (Figure 2), a correction for the 'apparent' incision deviation compared to the 'real' 
deviation was calculated using the formula: tan /„,, ¿„aUaa = tan /^,,™, átvMl0B χ cos /„.„„, 
„„к. Measurements of the depth and deviation of semi-radial incisions have been 
previously reported.12 
To define phases of healing, the wound area was divided into six equal stromal 
regions (Figure 3a). Since epithelial plug elimination may be expected to proceed from 
the posterior to the anterior wound, the depth of the plug into the stroma was scored from 
6 to 0 (6 = plug present in all wound regions; 0 = complete elimination of the plug from 
the wound) (Figure 3a; Tables 1 and 2). Fibroblast orientation within the wound was 
scored for each of the six wound regions from 3 to 0 (3 = across the wound, 0 = 
parallel to the wound) (Figure 3b); scoring data of different regions were averaged for 
each incision (Tables 1, 2 and 3). 
The width of the wounds was measured in light micrographs at 250x, by marking 
both stromal wound edges with two dots in each of the six stromal regions. At every 
wound edge, a best fitting line was drawn through the dots. The distance between these 
two lines was measured in region 2 (Figure 3a), using a calibrated reticle (7x) (Bausch 
and Lomb, Inc.). Mate superior and inferior transverse, and centripetal and centrifugal 
incisions within the same eyes (monkey 1, 2 and 3) or within the same pair of eyes 
(monkey 5) were compared (Tables 1 and 2). Data obtained from different portions of the 
same incision were averaged (Figure 2). For transverse incisions, a correction for the 
'apparent' incision width compared to the 'real' width was calculated using the formula: 
farcii WKWI — ^ІПдррапяіІ
 W B W I Χ COS ¿section anele· 
Statistical analysis was performed using the paired Student t-test. 
Results 
In ten eyes of five monkeys, 54 unsutured wounds were analyzed for wound 
depth, deviation, width, degree of epithelial plug elimination and fibroblast orientation. 
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Superior versus inferior transverse incisions 
Average achieved stromal incision depth in the mid-portion of the incision did not 
differ significantly between superior (61.7%, ± 13.4%) and inferior transverse wounds 
(66.3%, ± 8.2%) (p>0.1) (Table 1). Without exception, all transverse incisions deviated 
toward the limbus (Figures 4a and 4b). After correction for the section angle, no 
significant difference in incision deviation from the perpendicular was found between 
superior (28.9°, ± 19.9°) and inferior incisions (31.0°, ± 19.8°) (p>0.1) (Table 1). 
The width of the wounds, corrected for the section angle, did not differ between superior 
(17.0 jim, ± 4.9 jLtm) and inferior transverse incisions (18.1 /tm, ± 4.2 μΐή) (p>0.1) 
(Table 1). 
Epithelial plugs were present in one inferior transverse wound of 
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Figure 4: Transverse wounds 8 months postoperative. Complete wound closure of the superior transverse incision 
(A) suggests an advanced phase of healing as compared to the mate inferior incision (B) still containing an 
epithelial plug (monkey 2, OD). Arrows indicate the bottom of the incisions (toluidine blue O; original 
magnification x270, Bar = 100 μ/η). 
monkey 2 and 5, and in one superior and both inferior wounds of monkey 3 (phases 6-1, 
Figure 3a). Remaining wounds showed complete wound closure (phase 0, Figure 3a). 
Overall, epithelial plug elimination was less complete in inferior than superior transverse 
incisions (p<0.05) (Figure 3a; Table 1). Fibroblast orientation in transverse wounds 
could not be scored due to the highly variable incision deviation. 
Centripetal versus centrifugal radial incisions 
Centripetal and centrifugal incisions differed significantly in depth (76.0%, + 
7.0% vs. 48.1%, ± 7.3% ) (p<0.0005) and in width (27.8 μπι, ± 6.9 μπι vs. 17.2 μιη, 
± 4.5 μπι ) (p<0.01) (Figures 5a and 5b). Wound deviation from the perpendicular did 
not differ due to incision deviation (10.2°, + 5.8° and 7.1°, + 5.3° respectively) 
(p>0.1). 
All radial incisions showed complete stromal wound closure (phase 0, Figure 3a), 
except for one inferior wound in monkey 1, two inferior wounds in monkey 2, and one 
superior wound in monkey 3 and 5 (phases 6-1, Figure 3a). Epithelial plug elimination 
and fibroblast orientation did not differ between superior and inferior radial wounds 
(p>0.1) (Table 2). The degree of plug elimination was less complete in centripetal (0.9 
± 1.6) than in centrifugal wounds (0.0 ± 0.2) (p<0.025) (Figure 3a; Table 2). 
Fibroblast orientation to the wound was more perpendicular in centripetal (1.8 ± 0.5) 
than in centrifugal wounds (1.0 ± 0.7) (p<0.01) (Figure 3b; Table 2). 
The difference in wound depth, width, and fibroblast orientation resulted in an 
apparent different wound morphology between both types of incisions, 8 months after 
surgery. Centrifugal incisions were characterized by a shallow, but sharply demarcated 
narrow scar, revealing the exact configuration of the incision (Figure 5b). In contrast, 
centripetal incisions were seen to produce a deep, diffuse stromal distortion; a broad 
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Table 3 
NUMERICAL SCORING OF 
FIBROBLAST ORIENTATION 
IN SEMIRADIAL WOUNDS 
Postoperative time (months) 
2.5 to 4.5 8 11 to 22 
band of scar tissue identified the incision 
(Figure 5a). Centrifugal incisions made 
with the blade set to 110% of the corneal 
thickness, showed wound morphology 
with a relatively greater depth and width, 
which was similar to that of centripetal 
incisions made with a blade extension of 
80% in the same cornea (Figures 1 and 
6). 
Fibroblast orientation to the 
wound (Figure 3b) was more 
perpendicular in radial wounds 8 months 
postoperative (1.4 + 0.7) than in those at 11 and 22 months (0.9 + 0.4) (p<0.01) 
(Table 4). Orientation of fibroblasts at the light microscopic level was found to reflect 
collagen fiber orientation at an ultrastructural level. Fibers across the wound appeared to 
be continuous with iso-directed, i.e. co-linear fibers within lamellae at the wound edges, 
in centripetal incisions at 8 months (Figure 7a). At 22 months, an overall cell and fiber 
organization parallel to the wound was seen (Figure 7b). 
No. of monkeys 













Figure 5: Radial wounds 8 monihs postoperative. With a blade extension of 80% of central pachometry, the 
centripetal incision (A) is seen as a deep, diffuse broad scar, whereas the centrifugal incision (B) made in the 
same eye (monkey 3, OS) shows a shallow, but sharply outlined stromal scar. Note that fibroblast orientation is 
relatively perpendicular to the wound in the centripetal, and parallel in the centrifugal incision. Arrows indicate 
the bottom of the incisions (toluidine blue O; original magnification x250, Bar = 100 цт). 
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The presence of secondary 
incisions adjacent to primary incisions 2 
and 11 months after the initial surgery in 
four eyes of two monkeys (Figure 1), did 
not appear to have affected wound 
morphology in the primary incisions or 
vice versa, i.e. no differences in wound 
healing morphology could be discerned 
between these incisions. Wound healing 
in radial and transverse incisions could 
not be compared in a reliable format, 
due to the differences in incision depth, 
deviation, and width. 
Differences in wound morphology 
between centripetal and centrifugal 
incisions were found only in the stroma. 
Morphology of the epithelium, 
Bowman's layer, Descemet's membrane 
and the endothelium did not appear to 
differ between the two types of incisions. 
Discussion 
In our study, unsutured corneal 
wound healing was compared between 
superior and inferior transverse incisions, 
and centripetal and centrifugal semi-
radial incisions, in a monkey model. 
Complete elimination of the epithelial 
plug was found as soon as 2.5 months after surgery, in contrast to epithelial plug 
remnants persisting several years in humans.3·9 Poor correlation between the phase of 
wound healing and postoperative time found in 26 clinical human keratotomy specimens 
received by our laboratory,9 agreed with different healing rates among individual 
monkeys. For example, in both corneas of one monkey, epithelial plugs were present in 
both radial and transverse incisions, suggesting lack of some wound healing factor(s) in 
this particular monkey. Apparent faster healing rates may be explained by the species 
difference and relatively young age of the monkeys compared to humans,4,5·9·24 although 
corneas of young rabbits have been described to show more wound gaping following 
radial keratotomy than older corneas.7 The disparity between rabbits and monkeys may be 
due to a combination of a thinner and more elastic cornea, the absence of Bowman's 
layer, and/or wound healing differences between species. 
Transverse incisions consistently deviated toward the limbus, due to lateral tilt 
error of the knife handle toward the central cornea (Figure 4a and 4b; Table 1). This tilt 
error will theoretically decrease achieved incision depth.12·25 As compared to radial 
Figure 6: Centrifugal wound 22 months 
postoperative. Note that for a centrifugal incision 
the wound is relatively deep and wide as the blade 
was set at 110% of central pachometry (monkey 5, 
OS). Note overall fibroblast orientation parallel to 
the wound; compare to Figures 5a and 5b. Arrow 
indicates the bottom of the incision (toluidine blue 
O; original magnification x220, Bar = 100 μη\). 
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incisions (Table 2),12 greater variability 
of the tilt error with transverse incisions 
may suggest that it is technically difficult 
to create transverse incisions at similar 
angles to the corneal surface. 
Furthermore, the lateral portions of a 
linear transverse incision may be 
expected to show more deviation toward 
the limbus than the central portion of the 
incision, due to the sphericity of the 
comea (Figure 8). Arcuate incisions may 
theoretically produce less tilt error at 
both ends of the incision, but may be 
more difficult to perform than linear 
transverse incisions. 
According to the arbitrary criteria 
of our wound healing model (Figures 3a 
and 3b), superior transverse wounds appeared to have healed faster then their mate 
inferior incisions within the same cornea (Figures 4a and 4b; Table 1). Since irregular 
corneal wounds often disturb the overlying tear film, the continuous covering by the 
upper eye lid may benefit wound healing of incisions in the superior cornea, by a more 
stable tear film over the wound preventing desiccation, and/or by enabling 
polymorphonuclear and mononuclear cells, and/or other wound healing factors to reach 
the wound more readily. Eye lid pressure may also have a different effect on the wound 
gape of inferior versus superior transverse incisions. However, no differences in wound 
healing were found between superior and inferior radial incisions (Table 2). 
Eight months after surgery, centripetal incisions were distinguishable from 
centrifugal incisions by their wound morphology. Centripetal incisions not only showed 
greater depth,12 and greater width, but also had a more perpendicular fibroblast 
orientation to the wound (Figures 3b, 5a and 5b; Table 2). Centripetal incisions were 
made with the anterior cut edge of the knife orientated perpendicularly to the footplates, 
whereas the posterior cut edge with an oblique orientation to the footplates was used for 
centrifugal incisions.12 Bias through differences in surgical technique and wound healing 
characteristics of individual monkeys was eliminated, since both types of incisions were 
made in the same corneas, with the same blade extension, by the same surgeon. Although 
a difference in sharpness between both cut edges is not inconceivable, mechanical forces 
applied to the tissue may differ substantially between a perpendicular and an oblique cut 
edge.14 With scanning electron microscopy, centripetal incisions have been reported to 
create a wider wound gap at the paracentral exit site as compared to narrow (paracentral) 
entrance sites of centrifugal incisions.6 Mechanical properties of the lamellae may also 
differ with the direction of the incision. Profile images, i.e. lateral examination of the 
globe, perpendicular to the direction of the incision, revealed corneal contour deformation 
during the performance of a centripetal incision to differ from that of a centrifugal 
Figure 8: Drawing demonstrating how blade 
insertion parallel to the corneal surface in the mid 
portion of the transverse incision (A) will 
theoretically cause deviation of the incision towards 
the limbus at both ends of the incision (B) due to 
the spherical shape of the cornea. Augmentation of 
the effect may be expected when the blade is 
inserted perpendicular to the limbal plane. 
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incision in the same human cadaver eye.14 
Are the different morphologic features between centripetal and centrifugal 
incisions to be explained by direction of the incision and blade configuration, or solely by 
the fact that deeper incisions create a wider wound (morphology) than do shallow 
incisions? Within both eyes of one monkey, centripetal and centrifugal incisions made 
with a blade setting of 80% corneal thickness, could be compared with centrifugal 
incisions made with a blade extension of 110%. The latter incisions not only had greater 
depth, but also greater width of the wounds; their wound morphology appeared to be 
similar to that of centripetal incisions made in the same eye (Figure 6). Greater incision 
depth may result in more anterior wound gaping with a wider wound configuration and 
consequently more scar tissue.3·' This may agree with clinical observations that have 
suggested that incisions less than 50% in depth are associated with minimal refractive 
effects.3·26 
Fibroblast orientation was found to be relatively perpendicular to the wound at 2.5 
and 8 months after surgery and more parallel to the wound at 11 and 22 months (Figures 
3b, 7a and 7b; Table 3). Fibroblast orientation generally reflected ultrastructural collagen 
fiber organization; at 8 months (centripetal) incisions showed the establishment of a 
pseudo-lamellar continuity across the wound, that was absent at 22 months. Since only 
one monkey had wound morphology analyzed 22 months after surgery, the difference in 
fibroblast orientation between both time intervals may merely have resulted from a 
different healing response in this particular monkey. However, the apparent change in 
wound repair may agree with findings in a more recent monkey study (unpublished data), 
in which wound morphology of unsutured and sutured wounds within the same cornea 
was analyzed. In unsutured wounds, fibroblasts initially showed an orientation 
perpendicular to the wound, whereas re-orientation of the cells parallel to the wound was 
observed with longer postoperative time intervals. These findings may suggest that 
unsutured wound healing is characterized by an early approximation toward pseudo-
lamellar repair, followed by a deterioration of scar tissue organization. To what extend 
unsutured wound healing in monkeys reflects that in humans, is currently being 
investigated in our laboratory. 
If parallel fibroblast orientation to the wound would reflect a more advanced 
wound healing phase, (shallow) centrifugal incisions may have had more advanced healing 
than (deep) centripetal incisions 8 months after surgery (Table 2). Since scar tissue 
organization parallel to the wound facilitated identification of the incision, the more 
demarcated scar configuration with centrifugal incisions may than be explained by a 
difference in healing phase between both types of incisions (Figures 5a and 5b). 
In summary, our study suggested that unsutured corneal wound healing can be 
related to location, orientation, direction and postoperative time of the incision. Apparent 
faster healing in superior transverse incisions as compared to their mate inferior incisions 
confirms clinical observations, and may indicate that single transverse incisions are to be 
made preferably in the superior corneal quadrant. Centripetal radial incisions differed 
from their mate centrifugal incisions by their greater depth12 and greater width of the 
wound, and earlier healing phases. Differences in wound healing morphology between 
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both types of incisions appeared to be primarily related to achieved incision depth, 
although incision direction and blade configuration may also be influential.. 
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4.2 - Variation in healing throughout the depth of 
long-term, unsutured, corneal wounds 
in human autopsy specimens and monkeys. 
Gerrit R.J. Melles, Perry S. Binder and Janet A. Anderson. 
Abstract 
Objective: To determine regional differences in stromal wound healing morphologic 
features in long-term radial keratotomy wounds. 
Methods: Unsutured, semi-radial, nonperforating wounds in 7 monkeys and 10 human 
autopsy specimens obtained 3.5 to 52 months after surgery, were analyzed using light, 
transmission, and fluorescent microscopy. 
Results: Monkeys showed fast healing, whereas all human specimens had one or more 
incisions containing a superficial epithelial plug. Completely healed wounds in both 
models had fibroblast orientation and ultrastructural "pseudo-lamellar", i.e., co-linear 
collagen fiber continuity across the anterior wound, compared with disorganization of the 
mid-posterior scar. 
Conclusions: Regional differences in healing rates, mechanical factors associated with 
epithelial plug elimination, intrinsic tissue characteristics, and/or induction of pseudo-
lamellar repair by the epithelial plug, may explain variation in healing within an 
unsutured corneal wound. (Arch Ophthalmol 1994:112:100-109) 
Keywords: wound healing, radial keratotomy, incision depth, incision length, cornea, 
fibroblast, collagen 
From the National Vision Research Institute, San Diego, U.S.A.; and the Department of 
Ophthalmology, University of Nijmegen, The Netherlands. 
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Introduction 
Refractive unpredictability and instability following radial keratotomy have been 
postulated to result from abnormal corneal healing.1·2 Compared with cataract and corneal 
transplantation (sutured) wounds, unsutured wound healing may be delayed and/or 
aberrant.2"5 Delayed healing may be related to the relative short and mild inflammatory 
response, compared with that associated with sutures,3·4 or a thermal burn.6 Furthermore, 
lack of wound apposition, aggravated by changes in intraocular pressure, eyelid 
movement, and/or tissue contraction at the wound edges, may retard wound closure. 
Aberrant unsutured wound morphologic features may result from abnormal repair with a 
permanent loss of the normal lamellar structure.2·3·5 
Refractive instability after radial keratotomy is known to correlate with wound 
length (optical clear zone size) and depth.1 The slit-lamp appearance of keratotomy 
wounds over time shows the development of "spicules" or "fleecy pieces" from the 
anterior to posterior wound.7·8 Epithelium is often seen within the anterior wound for 
varying postoperative periods.2'3·5 It is unknown how and why wound healing morphology 
varies within a given incision. 
Only few studies have documented variation in healing within unsutured corneal 
wounds in rabbits and cats.9'2 In our study, semi-radial, non-perforating, long-term, 
unsutured corneal wounds were analyzed in human keratotomy autopsy specimens and 
monkeys, to determine differences in healing morphology over the incisions' length and 
depth. Furthermore, an attempt was made to define the possible mechanism(s) responsible 
for regional variation in healing and associated refractive instability following radial 
keratotomy. 
Materials and methods 
Keratotomy procedures performed in seven adult female monkeys (Macaca 
fascicularis), weighing 8 to 10 kg and aged 8 to 11 years, were described previously.13·14 
All animals were housed and treated according to the Association for Research in Vision 
and Ophthalmology resolution for animal care. Human keratotomy autopsy specimens 
were obtained through the San Diego Eye Bank, and through the donations of corneal 
surgeons. 
All monkeys except No. 5, underwent a bilateral, modified, trapezoidal, 
keratotomy procedure with one transverse incision and two semi-radial incisions placed in 
each half of the cornea (See Figures 1 of references 13 and 14). Monkey 5 had eight 
semi-radial incisions made in each cornea. In monkeys 1 through 5, centrifugal and 
centripetal incisions were made in each eye. Two months after the initial keratotomy 
procedure, four centrifugal incisions were added in each eye of monkey 6. Eleven months 
after surgery, two centrifugal and two centripetal incisions were added in each eye of 
monkey 7. In monkeys 6 and 7, a blade setting of 110% was used for initial centrifugal 
incisions, and a blade setting of 80% was used for centripetal and centrifugal incisions in 
the secondary procedures. Monkeys 1 and 2 had interrupted 10-0 nylon sutures (CUM-15, 
Alcon Laboratories, Fort Worth, TX) placed in two tangential or semi-radial incisions in 
each eye. No sutures were used in monkeys 3 through 7. 
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? = Information not available 
During surgery, each eye of monkey 5 had two centrifugal and two centripetal 
incisions infused with a few drops of a 0.5% solution of dichlorotriazinyl amino 
fluorescein (DTAF) (Molecular Probes, Inc., Junction City, OR) dissolved in 0.2 M of 
sodium bicarbonate.9 After 30 seconds, incisions were irrigated with balanced salt 
solution to wash out the excess dye. 
Monkeys 1 and 2 were killed 2.5 months after surgery; monkeys 3, 4, and 5 
were killed 8 months after surgery, monkey 6 was killed 4.5 months after surgery; and 
monkey 7 was killed 22 months after surgery, with an overdose of intravenous 
pentobarbital. Eyes were enucleated and each corneal scleral rim was carefully excised 
from the globe. The corneas of all monkeys except monkey 5, were cut in half vertically; 
those of monkey 5 were cut horizontally. The corneal halves, and quadrants of 10 
individual human radial keratotomy autopsy specimens (Table 1), were fixed in buffered 
formaldehyde or glutaraldehyde, and processed for light and transmission electron 
microscopy3 or frozen for fluorescent microscopy. 
One-micrometer sections were cut perpendicularly to the semi-radial incisions in 
the central, middle, and peripheral portions' of the incisions. Mid-portions of two human 
and two monkey wounds were sectioned parallel to the corneal surface (en face), from the 
epithelial to the endothelial surface. Sections were stained with Mallory's azure II -
methylene blue, counter-stained with basic fuchsin,15 and photographed at xl50 
magnification (Olympus Vanox light-microscope, Olympus Optical Co Ltd, Tokyo, 
Japan). Ultrathin sections of at least one wound of each of the ten individual humans and 
seven monkeys, were placed on slot grids coated with a formvar film (0.7% formvar in 
ethylene dichloride, Ernest R. Fullam, Lathan, New York, NY) to allow evaluation of the 
entire wound area within the same section using a transmission electron microscope (HU 
For clarity of nomenclature throughout the text, incision depth was subdivided into anterior, mid and posterior "regions", 
and incision length into central, mid, and peripheral "portions" 
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Figure 2: Diagram explaining the numerical scoring 
system for light microscopic unsutured wound 
healing morphology'. Fibroblast orientation and 
apparent lamellar continuity within the wound area 
was scored from +3 (= transverse, i.e. 
perpendicular to the wound) to 0 (= sagittal, i.e. 
parallel to the wound), and lamellar contraction 
direction and fibroblast 'entry ' direction into the 
wound from -1 (= toward endothelium) to +2 (= 
toward the anterior corneal surface). See text and 
Tables 2 and 3 for results. 
Figure 1: Mid-portion of an unsutured monkey 
wound 22 months postoperative. Wound healing 
morphology was evaluated in each of six equal 
stromal regions (1-VI). Nearly anatomical 
organization of fibroblasts and lamellae is visible 
across the most anterior region (I); the mid regions 
(11 and 111) show sagittal orientation of cells and 
extracellular matrix; the posterior regions (IV and 
V) show varying degrees of transverse fibroblast 
orientation. Anterior lamellae show slight bending 
toward the endothelium (arrowheads), whereas 
posterior lamellae bend increasingly toward the 
epithelial surface (arrows). Fibroblast 'entry' 
direction into the scar appears to be related to m . п ч L· ι ν » «м ι »? 
, ,. .. ,. , , „ , . ,
 л п
 HE, Hitachi, Japan) at 75 kV. 
bending direction of lamellae (monkey 7 OD, r 
Mallory 's azure Π - methylene blue I basic fuchsin, Wound healing morphologic 
original magnification x300). features were analyzed in 20 human 
keratotomy wounds, and 26 centrifugal 
and 16 centripetal, semi-radial, unsutured 
monkey wounds, four of which were stained with dichlorotriazinyl amino fluorescein. The 
wound area was divided into six equal stromal regions*: anterior-region I, mid-regions II 
and III, and posterior regions IV through VI (Figure 1). Each region containing a part of 
the wound was evaluated while the other regions were masked, using the following 
parameters: (1) epithelium: presence and dimensions of an epithelial plug and/or an 
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epithelial ridge; (2) scar: fibroblast orientation, direction of entrance into the wound, and 
metabolic activity (as judged by the amount of rough endoplasmatic reticulum and Golgi 
apparatus, and cell size and shape),1617 and degree of ultrastructural fibrillar continuity 
across the wound, and collagen fiber diameter; (3) adjacent unwounded stroma: 
contraction direction of lamellae;(4) Descemet's membrane and the endothelium: 
morphologic features, and the presence of perforation sites. 
An arbitrary numerical scoring model (Figure 2) was designed for fibroblast 
orientation within the scar,14 and recovery of lamellar continuity across the scar (3 to 0, 
with 3 indicating transverse, i.e., perpendicular to the wound, 0 = sagittal, i.e., parallel 
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Figure 3: "En face" séchons (parallel to the corneal sui face) of an unsutured monkey wound 8 montlis 
postoperative. In the anterior region (a) fibroblast and extracellular matiix organization across the scar (arrows) 
appears similar to that in the adjacent unwounded stroma (BL = Bowman's layer). In the mid region (b) 
fibroblast number appears to be higher within than adjacent to the scar, and alignment of cells and extracellular 
matrix along the length of the wound is visible. In the posterior region (c) fibroblast appear to accumulate in 
areas where pre-existing fiber bundles cross the scar (arrowheads). Note the change in unwounded stroma from 
the anterior to the posterior regions with coarsening of its architecture (monkey 5 OS, Mallory 's azure II -
methylene blue I basic fuchsin, original magnification x2SO). 
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Figure 4: Fluorescent microscopy of an unsutured 
monkey wound 8 months postoperative. Non-
fluorescent tissue appears to be deposited in a "V" 
shape along the depth of the wound. No apparent 
interdigitating of dyed (old) and undyed (new) tissue 
can be discerned. Arrow indicates the bottom of the 
wound (monkey 5, OD, DTAF, original 
magnification x250). 
to the wound); as well as for fibroblast 'entry' direction into the scar, and contraction 
direction of lamellae adjacent to the wound (-1 to +2, with -1 to 0 indicating toward the 
endothelium; 0, perpendicular to the wound; and 0 to +2, toward the anterior corneal 
surface) (Tables 2 and 3). Photomicrographs of human keratotomy incisions had a parallel 
line drawn at the junction of the surface epithelium and Bowman's layer, and a second 
line drawn at the junction of Descemet's membrane and the endothelium. Using these 
lines, measurements of the incisions' relative stromal incision depth and epithelial plug 
depth were taken (Table 3).13'4 Measurements of incision depth in monkeys have been 
reported elsewhere.13 Scoring data and depth measurements of central, middle and 
peripheral incision portions were averaged. 
Fiber diameter was measured using ultrastructural micrographs at a final 
magnification of xl 10,000. A clear plastic sheet with a 20-mm2 ruled grid pattern was 
placed over each print to ensure random sampling of fibrils at grid intersection points. A 
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7х reticle (Bausch and Lomb, Rochester, NY, USA) with a 20-mm metric scale at 0.1-
mm intervals was used to measure the shortest diameter of (elliptical) cross-sectional fiber 
contours.18 Thirty measurements of fiber diameter were averaged for each of six wounded 
and six unwounded regions. 
Statistic analysis was performed using the paired and unpaired Student's t test. 
Results 
Long-term, unsutured-wound healing morphologic features were evaluated in six 
stromal regions" (Figure 1), and in central, middle, and peripheral portions* of 42 monkey 
and 20 human keratotomy wounds (Table 1) with light microscopy. A minimum of one 
wound from each individual monkey or human specimen was analyzed ultrastructurally. 
Monkeys 
In 37 of 42 (88%) monkey wounds we found stromal wound closure, i.e. complete 
elimination of the epithelial plug. The epithelium was smooth overlying healed wounds 
with a well apposed Bowman's layer (Figure 1). Epithelial ridges were seen only over 
wounds containing an epithelial plug. 
Stromal wound morphologic features, evaluated with an arbitrary numerical 
scoring model (Figure 2; Tables 2 and 3), showed a distinctive alteration in healing over 
the depth of the wounds. In the anterior one-sixth of the wounds (region I; Figure 1), 
transverse fibroblast orientation appeared concomitant with partial restoration of lamellar 
continuity (Figure 2; Table 2). In contrast, sagittal fibroblast orientation with irregular 
organization of extracellular matrix was seen in the mid-stroma (regions II and III; 
Figures 1 and 2; Table 2). In the posterior wound (regions IV through VI; Figure 1), 
varying degrees of transverse fibroblast orientation and apparent lamellar restoration were 
found (Figure 2; Table 2a). Wound morphologic features in the mid-posterior regions 
varied with different postoperative intervals; transverse fibroblast orientation and pseudo-
lamellar repair in mid-posterior wound regions at 8 months, appeared to change into a 
sagittal scar tissue organization at 11 and 22 months.14 
In en-face sections parallel to the corneal surface, the scar could hardly be 
identified in the anterior wound (region I; Figures 1 and 3a); organization of fibroblasts 
and extracellular matrix within the scar was comparable with that of the adjacent 
unwounded stroma. A higher concentration of fibroblasts, more intense staining of 
extracellular matrix, and alignment of these structures along the length of the wound, 
visualized the scar in the mid-stromal regions (regions II and III; Figures 1 and 3b). In 
the posterior regions (regions IV through VI; Figures 1 and 3c), fibroblast distribution 
appeared to be closely related to the architecture of the adjacent unwounded stroma. 
Accumulation of cells in areas in which pre-existing fiber bundles crossed the scar, were 
alternated with hypocellular areas of scar tissue. 
At an ultrastructural level, all monkeys showed recovery of collagen fiber 
continuity across the anterior wound. These fibers appeared to interweave with, or to 
connect to co-linear fibers within one or more lamellae at the wound edges. Fiber-bundle 
thickness was approximately similar to that of normal lamellae, suggesting partial 
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Figure 5: Human keratotomy wound (postoperative time unknown). Tiie mid-portion (a) of the incision contains a 
typical "waterdrop-shaped" epithelial plug as was seen at various postoperative time intervals. Bending direction 
of lamellae adjacent to the scar farrows) appears to he associated with fibroblast 'entry ' direction into the scar, 
although the stromal scat itself is hypocellular. Tiie central portion (b) of the same incision shows transverse, 
activated fibroblasts across the most anterior wound region, with an abrupt change to undefined fibroblast 
orientation in the relatively hypocellular underlying scar area. Note how the wound edges (arrowheads) are 
clearly distinguishable in the lower but not in the upper scar region shown (BL = Bowman 's layer) (specimen 8, 
Malloiy's azure II - methylene blue I basicfuchsin, original magnification x200 andxllOO). 
restoration of normal lamellar architecture across the anterior scar. In the middle and 
posterior wound regions, scar tissue organization was irregular; collagen fibers appeared 
to be orientated along the length and depth of the wound. Fiber orientation appeared to be 
closely related to fibroblast orientation and activity. Anterior fibroblasts were orientated 
transversely and had a subactivated appearance, i.e., a relatively elongated shape and 
subnormal amounts of rough endoplasmatic reticulum. Cells with a sagittal orientation and 
myofibroblastic characteristics, i.e., a spindle shape with abundant, rough endoplasmatic 
reticulum and Golgi apparatus, were seen in the mid-posterior stroma. 
Adjacent to the scar, anterior corneal lamellae appeared to bend toward the 
endothelium, and posterior lamellae appeared to bend toward the anterior corneal surface, 
apparently due to contraction of the scar (Figures 1 and 2; Table 2). The contraction 
direction of collagen lamellae appeared to be closely related to the 'entry' direction of the 
fibroblasts into the wound; both anterior and posterior fibroblasts invaded the wound 
toward the mid-scar region (Figures 1 and 2; Table 2a). In "en-face" sections, unwounded 
stromal architecture changed with each region. Anterior stromal regions were seen as a 
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<— Figure 6: Transmission electron microscopy of the anterior (c), mid (d) and posterior regions (e) of a human 
keratotomy wound 12 months postoperative. In between the anterior wound edges (AWE) collagen fibers (arrows) 
can be followed across the wound. An overall sagittal organization of extracellular matrix is visible in between 
the mid (MWE) and posterior wound edges (PWE) (specimen 2, original magnification хЗІОО). (a) higher 
magnification of the anterior wound edge shows apparent interweaving or reconnecting of fibers (arrowheads) 
with co-linear fibers of one or more unwounded lamellae (original magnification ХІ4О0О). (b) higher 
magnification of die anterior scar shows focal fiber bundle discontinuities (curved arrows), possibly due to 
bundles leaving and entering the plane of the section (original magnification xllOOO). 
fine, woven lattice without an apparent preference of fiber direction (Figure 3a), whereas 
bundling of fibers was seen in the middle regions (Figure 3b). Toward the posterior 
regions, cells and collagen fibers showed a more defined organization, with circular and 
longitudinal patterns (Figure 3c). 
Incisions that were intraoperatively stained with dichlorotriazinyl amino fluorescein 
showed sharp boundaries between fluorescent wound edges and non-fluorescent newly 
formed collagen tissue (Figure 4). Interdigitation of dyed and undyed collagen, i.e., 
interweaving of old and newly-formed tissue, generally appeared to be absent. 
Statistical analysis revealed higher scoring for fibroblast orientation and lamellar 
continuity in region I than in any of the other regions (p<0.01) (Table 2a). Values for 
lamellar contraction direction and fibroblast 'entry' direction into the wound differed 
significantly between regions I and II (toward the endothelium) and regions III to V 
(toward the epithelium) (p<0.01) (Table 2a). 
Humans 
All human specimens (Table 1) had one or more incisions containing an epithelial 
plug with a mean (±SD) corneal depth of 8.6% ± 7.3% in the central portion, 15.5% ± 
10.3% in the midportion, and 13.9% ± 12.6% in the peripheral portion of the incision 
(Table 4). Plugs were significantly deeper in the middle and peripheral portions (Figyre 
5a), while central portions often showed complete wound closure (p<0.05) (Figure 5b; 
Table 4). In most incisions, the plug had a "waterdrop" configuration, consisting of a few 
cells in width between the nearly apposed edges of Bowman's layer and gradually wider 
in the underlying stroma (Figure 5a). Although an increased number of epithelial layers 
masked uneven apposition of underlying structures, epithelial hyperplasia generally 
appeared absent over these wounds. 
In keratotomy wounds that showed complete wound closure, the most anterior 
region (region I; Figure 1) had varying degrees of transverse fibroblast orientation and 
lamellar continuity across the scar (Figures 2 and 5b; Table 3). This region appeared to 
be thinner in humans than in monkeys, but human specimens had relatively more swelling 
of the posterior stroma, probably due to longer intervals between death and fixation. The 
middle and posterior scar regions (regions II through VI; Figure 1) showed irregular 
deposition of extracellular matrix (Figures 2, 5a and 5b; Table 3). "En face" sections of 
human wounds showed similar changes in architecture of the scar and adjacent 
unwounded tissue as those described for monkey wounds (Figures 3a-c). Anterior regions 
showed nearly normal organization of extracellular matrix and fibroblasts across the scar, 
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whereas the middle and posterior regions had scar tissue organization along the length of 
the incision. 
Ultrastructurally, transverse collagen fibers, apparently continuous with co-linear 
fibers of one or more lamellae at the wound edges, were found in the anterior wound 
region (region I, Figures 1 and 6 center). Fiber bundle thickness approximately equal to 
unwounded lamellae suggested partial recovery of lamellar continuity. In two (20%) of 10 
specimens, transverse collagen fiber continuity appeared to be minimal or absent. Middle 
and posterior scar regions showed disorganization of cells and extracellular matrix 
(Figures 6 bottom left and bottom right) with an overall sagittal fibroblast and collagen 
fiber orientation. The mean collagen fiber diameter in the scar (22.6 nm + 1.8 nm) did 
not differ from that in adjacent unwounded tissue (23.3 nm ± 2.0 nm) (p>0.1). No 
differences in fiber diameter were found over the depth of the scar or the unwounded 
stroma. Variability in fiber diameter (SD) was found to be higher in the scar (4.3 ± 1.6) 
than in unwounded tissue (2.0 ± 0.5) at all postoperative time intervals. 
Anterior lamellae often appeared to be compacted at the lateral border of the 
epithelial plug (Figure 5a; Table 3). Posterior lamellae showed significant bending toward 
the anterior corneal surface, possibly resulting from less edematous swelling of the scar 
than of the unwounded stroma. Hypocellularity of most human scars prohibited 
determination of fibroblast orientation within the wound (Table 3). The scoring value for 
lamellar continuity was higher in region I than in the other regions (p<0.01) (Table 3). 
Lamellar distortion appeared to be associated with fibroblast 'entry' direction into the scar 
(Figures 2 and 5a; Table 3). Scoring values for lamellar contraction direction and 
fibroblast 'entry' direction into the wound differed significantly between regions I (toward 
the endothelium) and regions II through V (toward the epithelium) (p<0.01) (Table 3). 
The mean achieved incision depth was 76.7% ± 7.7%. The wound-healing 
response for each stromal region did not appear to depend on, or change with incision 
depth. For example, anterior stromal regions in the central and peripheral portions of the 
same incision, showed similar healing characteristics, despite greater central depth of the 
incision. 
No perforation sites were observed in any of the specimens. Descemet's 
membrane and the endothelium underneath the wounds generally had similar 
characteristics as that underneath unwounded areas. 
Discussion 
Long-term, unsutured wound morphologic features of semi-radial keratotomy 
incisions differed in the anterior and mid-posterior stromal regions*. In healed wounds, 
i.e., after complete elimination of the epithelial plug, anterior regions showed an 
approximation toward anatomical restoration with transverse fibroblast orientation, and 
ultrastructural collagen fiber continuity across the wound. Reconnection of these fibers 
with co-linear fibers of lamellae at the wound edges suggested "pseudo-lamellar" repair.14 
In contrast, sagittal orientation of fibroblasts and extracellular matrix was seen in mid-
posterior stromal regions (Figures 1, 3a-c, 5b and 6; Tables 2 and 3). Similar 
organization of unsutured wounds was found in a more recent monkey study." 
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REGIONAL VARIATION IN 
UNSUTURED CORNEAL «UNO HEALING 
possibly due to: 
( I ) K M n l i M ( I I ) Nechanical factors ( I l i a ) Different heeling properties 
differences In heel ine associated with among stromal regions related to: 
among s t r a a l rea ι one epithelial plug elimination 
a. Embryologie derivation 
b. Postnatal anatomy 





i ^ (Illb) Differences in ontogenesis 
I between stromal regions related to 
I varying healing properties 
ƒ anong regions 
/ 
( I V ) Transverse fibroblast orientation 
and pseudolanellar repair 
across the wound 
induced by the epithel ial plug 
Figure 7 Schematic representation of factors that may explain variation in healing over the depth of unsutured 
corneal wounds See text for explanation 
Regional variation in keratotomy wound healing has been suggested by clinically 
observed "feathered spicules", which first appear in the anterior stroma and disappear last 
in the postenor stroma.78 In rabbits, incisions stained with dichlorotnazinyl amino 
fluorescein have been documented to show lamellar interweaving in the posterior portion, 
and diffuse disorganization in the superficial scar ' In our study, incisions stained with 
dichlorotnazinyl amino fluorescein showed no interweaving of pre-existing and newly-
deposited collagen in any of the wound regions (Figure 4). To our knowledge, near-
anatomical repair in the antenor region, but not in the mid-postenor regions of 
keratotomy wounds has not been reported. How can asymmetneal healing over the depth 
of unsutured corneal wounds be explained9 
Theory I. 
Aberrant mid-postenor wound healing could reflect a time-related approach toward 
the establishment of normal stromal anatomy41820 that may differ among stromal layers. 
In sutured wounds, fibroblast onentation changes with the phase of healing, from an 
initial sagittal onentation into a final transverse cell onentation 2 4 Therefore, m unsutured 
wounds sagittal fibroblast onentation in the mid-postenor region, and concomitant 
transverse fibroblast onentation in the antenor region(s), may suggest that the healing rate 
differed between the antenor and mid-posterior wound, ι e , delayed healing in the mid-
postenor scar (Figure 7). 
Delayed healing In 
•id posterior » t r a e 
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Theory II. 
In the presence of a deep 
epithelial plug (with bending of posterior 
lamellae toward the middle wound), 
template-dependant fibroblasts may orient 
parallel to the plug (Figure 8a).2·3·21·22 
However, when only a remainder of the 
plug is present, bending of anterior 
lamellae toward the endothelium may 
result in transverse fibroblast orientation 
along the inferior border of the plug 
(Figures 8b and 8c; Tables 2a and 2b). 
The orientation of (myo)fibroblasts, and 
the associated direction of contractile 
action, may also relate to stress 
distribution throughout the wound 
a r e a 16,17,23 Mechanical factors, i.e., cell-
directive structures and stress forces, 
may therefore contribute to regional 
variation in wound-healing (Figure 7). 
Theory III. 
The stroma is not a homogeneous tissue, varying structurally, biomechanically, 
and possibly embryologically.2430 Collagen fiber thickness has been documented to 
increase gradually toward the endothelium,25·31 which could not be substantiated in our 
study or other2932 studies. Fiber orientation may be vertical in the anterior region, point 
toward the four rectus muscles in the middle region, and be circular in the posterior-
peripheral stromal regions.25,27'33"35 Between the posterior lamellae, a three-dimensional 
filamentous network has been described, which was absent in the anterior stroma.36 
Different swelling23·37^2 and birefringence43 characteristics of anterior and mid-posterior 
cornea due to the less hydrophilic anterior stroma may relate to the uneven distribution of 
proteoglycans.23·42·44,45 The anterior stroma is characterized by obliquely, crossing 
collagenous lamellae. In contrast, lamellar orientation parallel to the corneal surface is 
found in the posterior two-thirds of the stroma. The different appearance of the anterior 
stroma may also result from tissue preparation artifacts.21,23 
Unsutured, perforating and nonperforating wounds have been described to show 
differences in clinical, ultrastructural, and biochemical characteristics over the depth of 
the wound.7'11,21 The density of collagen fibers and the distribution of collagen types and 
proteoglycans have been found to differ between the anterior and posterior scar.11,18,44·46"50 
Although perforating wounds may not be completely representative of keratotomy (non-
perforating) wound healing, the different healing characteristics over both types of 
wounds may suggest that the anterior, middle, and posterior stroma have variable intrinsic 
healing properties (Figure 7). 
Figure 8: Diagrammatic representation of the 
hypothetical difference in fibroblast 'entry ' direction 
into wounds containing a large (a) and a small (b) 
epithelial plug. See text for explanation, (c), 
unsutured monkey wound 11 months postoperative. 
Fibroblasts show a transverse orientation directly 
underneath the inferior border of the superficial 
epithelial plug, and a sagittal orientation in the 
remainder of the scar (monkey 7 OD, Mallory's 
azure 11 - methylene blue I basic fuclisin, original 
magnification x750). 
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In the initial phase of healing, corneal tissue conditions may reflect those in fetal 
stroma; the healing wound would "mimic" the developing comea.18,2022·''4·4648 Since the 
anatomical and biochemical differences between the anterior and mid-posterior stroma are 
most clearly distinguishable in fetal comeas,24,27·29·51 the recapitulation of fetal tissue 
conditions within healing wounds may contribute to, or account for, varying healing 
qualities among the stromal regions (Figure 7). 
Theory IV. 
A different healing response in the anterior stroma than in the mid-posterior 
stroma is indicated by nearly anatomical anterior repair, as well as fast mid-posterior 
healing with a remnant anterior epithelial plug (Figures 1, 5a and 5b; Tables 2, 3, and 4). 
Further ultrastructural analysis of keratotomy wounds containing an epithelial plug with 
various stromal depths, revealed that varying degrees of transverse scar tissue 
organization were present directly underneath the inferior border of the plug (unpublished 
data, 1992). This finding suggests that pseudo-lamellar repair across the wound is induced 
by the epithelial cells at the inferior border of the plug (Figure 8c). If so, nearly 
anatomical anterior wound restoration may be analogously induced by the surface 
epithelium overlying completely healed wounds (Figure 7). 
Wound morphologic features for each of the stromal regions appeared not to 
change with incision depth. Hence, better recovery of corneal integrity in the anterior 
than mid-posterior wound may, in part, explain the negligible refractive effect of shallow 
keratotomy incisions and the non-proportional increase in effect with deeper incisions.2 
Although the presence of epithelium within the wound, i.e., wound gaping, may add to 
refractive effect,52 it is unclear how superficial, waterdrop-shaped epithelial plugs (Figure 
5a) may influence the effect. Separation of the anterior stromal wound edges due to the 
volume of the plug appeared concomitant with approximation of the edges of Bowman's 
layer. The largest epithelial plug dimensions were found in the middle and peripheral 
incision portions, whereas central portions often showed complete wound closure (Table 
4). This variation in healing over the length of the incisions may support the "tissue 
addition theory",12·5254 which describes central wound apposition due to (central) corneal 
flattening, and peripheral gaping due to (peripheral) corneal bulging. 
Clinically, it is more difficult to reopen the anterior region than the mid-posterior 
region of a keratotomy incision, in humans and monkeys (unpublished data, 1992). This 
would agree with the fact that histologic recovery of collagen fiber continuity is restricted 
to the anterior wound (Figure 6). Hence, different stromal regions may have variable 
contribution to tensile strength;23 in completely healed keratotomy wounds, the anterior 
wound region may contribute the most to wound strength. It is unclear to what extend a 
decrease in wound strength can be caused by photorefractive keratectomy after 
keratotomy procedures.55 
In a previous study, we reported poor correlation between individual wound 
healing and postoperative intervals.3 Those pathology specimens were evaluated from a 
selected group of patients subjected to reoperation after complicated keratotomy wound 
healing. Although wound healing in the human autopsy specimens in the present study 
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appeared to be more complete compared with that in the pathology specimens,3,5 the 
healing response at any given interval following keratotomy still varied considerably 
among individual patients. Complete stromal wound closure of all incisions was found in 
a specimen 2 years after surgery, whereas large epithelial plugs were present in one 
specimen with the longest known postoperative interval (52 months; Table 4). 
Furthermore, although more complete anterior wound restoration was found in most 
humans and in all monkeys, it appeared absent in two individual human specimens. Since 
the clinical histories were not available, these differences could not be related to different 
surgical technique, patient factors, and/or postoperative treatment (e.g., steroid drops). 
The interpretation of our retrospective study may be limited by several factors. We 
do not know how adjacent incisions, made during the same or different operations, may 
influence each other's healing.12·14 The human specimens received by our laboratory were 
processed on different dates, and after different intervals between death and fixation, 
which may have resulted in various tissue artifacts. 
However, based on our observations, quantified by our arbitrary scoring model, 
we conclude that there are regional differences in healing over the depth of long-term 
unsutured corneal wounds. Different healing qualities in the anterior, middle and posterior 
stroma may affect healing and associated refractive outcome, not only with keratotomy, 
but also with intra-stromal implants, keratomileusis, excimer laser photoablation, and 
other lamellar refractive procedures. Additional studies of wound healing rates and 
qualities among stromal regions, may benefit wound healing predictability following 
various forms of corneal surgery. 
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4.3 - Epithelial contributions to keratotomy wound healing 
Gerrit R.J. Melles, Perry S. Binder, Max N. Moore and Janet A. Anderson 
Abstract 
To determine epithelial contribution^) to stromal healing, and its relationship to regional 
variation in healing throughout keratotomy wounds, we evaluated 10 human autopsy 
specimens obtained 3.5 to 52 months after radial keratotomy, using light and transmission 
electron microscopy. Underneath epithelial plugs, the epithelial-stromal interface was 
characterized by three adjacent, different morphologic zones: a duplicated basement 
membrane complex, a zone resembling Bowman's layer, and a third zone with collagen 
fiber orientation parallel to the plug. Scar tissue orientation was sagittal at the lateral 
plug borders, transverse at the inferior border, and sagittal in deeper wound regions. 
Basement membrane duplication and a Bowman's layer-like region underneath the plug 
may result from complicated epithelial-stromal interaction. Variable, asymmetrical wound 
morphology with a subepithelial transverse, and a sagittal deeper scar tissue orientation, 
may characterize radial keratotomy wound healing, and may relate to over- and 
undercorrections, induced astigmatism, and progression in refractive effect. 
Keywords: cornea, radial keratotomy, wound healing, epithelium, stroma 
Presented at the 'Nederlands Oogheelkundig Gezelschap' meeting, The Hague, 1994. 
From the National Vision Research Institute, San Diego, U.S.A.; the Department of Ophthalmology, 
University of Nijmegen, The Netherlands 
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Introduction 
Incomplete corneal wound healing up to several years after radial keratotomy may 
be related to overcorrection, undercorrection, induced astigmatism, diurnal fluctuation in 
visual acuity, a progressive shift in hyperopic direction, late-onset bacterial keratitis, map-
dot-fingerprint dystrophy, recurrent epithelial erosions, and traumatic wound rupture.1,2 In 
the histologic evaluation of human keratotomy wounds, two healing stages, possibly 
sequential healing phases, have been documented.1·35 A first stage is characterized by the 
presence of an epithelial plug in (part of) the wound, and a second stage by complete 
stromal wound closure with scar tissue orientation parallel to the wound. This 
organization of the scar is considered ineffective for the recovery of tensile strength 
across the wound. Scar tissue organization parallel to the wound has been hypothesized to 
persist from initial fibroblast orientation and associated collagen fiber deposition parallel 
to the epithelial plug.1·6·7 In addition, (myo)fibroblasts have been suggested to orient 
parallel to the wound in response to stress forces that may have a predominant direction 
along the wound edges.8 
In a recent study, long-term keratotomy wounds in humans and monkeys showed a 
regional variation in healing.9·10 Collagen fibers across anterior regions were found to be 
continuous with those in lamellae at the wound edges, resulting in a pseudo-lamellar, 
anterior wound repair. Mid and posterior regions displayed a scar tissue orientation 
parallel to the wound. However, because of the partial pseudo-lamellar repair, keratotomy 
wound healing morphology seems not to be explained by the current concept that scar 
tissue organization parallel to the wound results from early cell orientation parallel to the 
epithelial plug. 
To evaluate how the epithelial plug is involved in the formation of the stromal 
scar, and to determine factor(s) contributing to regional variation in healing, we studied 
light and transmission electron microscopic features of the interaction between the 
epithelium and stroma in human keratotomy autopsy specimens. 
Materials and methods 
Ten individual human radial keratotomy autopsy specimens (Table 1) were 
received through the San Diego Eye Bank. Corneal quadrants intended for light (LM) and 
transmission electron microscopy (ТЕМ), were fixed in 2.5% glutaraldehyde / 2% 
paraformaldehyde in 0.1 μιηοΙ/L cacodylate buffer (pH 7.3, 340 mOsm), and post-fixed 
in 2% osmium tetroxide in 0.1 /xmol/L cacodylate buffer for one hour. Specimens were 
dehydrated in a graded series of ethanol followed by intermediate changes of propylene 
oxide and embedded in epoxy resin (Poly bed Epon 812, Polysciences, Warmington, PA). 
All incisions were divided into central, mid and peripheral portions, and one-
micron sections were cut transversely to each of the incision portions. Mid-portions of 
three wounds were sectioned parallel to the corneal surface ("en face"), from the 
epithelial to the endothelial surface. Sections were stained with Mallory's azure Π -
methylene blue, counter-stained with basic fuchsin,11 and photographed at 150x 
magnification (Vanox light-microscope, Olympus, Optical Co Ltd, Tokyo, Japan). 
Ultrathin sections were stained with 2% aqueous uranyl acetate, followed by Reynold's 
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η a = Information not available 
η m = not measurable 
" Two incisions in each specimen were evaluated 
"" Zone 3 = transversely onented scar tissue directly underneath the epithelial plug 
lead citrate. Ultrathin sections of at least one representative wound of each specimen, 
were placed on slot grids coated with a Formvar film (0.7% Formvar in ethylene 
dichloride, Ernest R. Fullam, Lathan, NY), to allow visualization of the entire wound 
area with a transmission electron microscope at 75 kV (HU HE, Hitachi, Tokyo, Japan). 
In 20 keratotomy wounds (Table 1), wound healing morphology was evaluated 
using the following parameters: (1) epithelium: presence and dimensions of an epithelial 
plug; (2) epithelial basement membrane: morphology, duplication, presence of 
hemidesmosomes, and diameter of anchoring- and microfibrils; (3) Bowman's layer: 
collagen fiber diameter; (4) scar: fibroblast orientation, presence of myofibroblastic 
characteristics (bundles of microfilaments, a cortical microfilament network, filaments 
radiating from the cell membrane, and the presence of extensive rough endoplasmatic 
reticulum, microtubules, and Golgi apparatus),12 presence of cell-cell contacts between 
epithelial plug cells and fibroblasts, collagen fiber diameter, degree of collagen fiber 
continuity across the wound, presence of remnant basement membrane, Bowman's layer, 
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Table 2a - ULTRASTRUCTURAL CHARACTERISTICS ZONE 1 
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Table 2b - ULTRASTRUCTURAL CHARACTERISTICS ZONE 2 













































































2 3 0 






















p > 0 1 
22 6 
1 2 
Unsutured wound healing 125 




































Avg = average 
SD = standard deviation 










































and/or microfibrils in deeper scar regions. 
To measure epithelial plug depth and thickness of transversely orientated scar 
tissue underneath the infenor border of the plug, as a percentage of corneal thickness, one 
line was drawn at the anterior surface of Bowman's layer, and a second line at the 
posterior edge of Descemet's membrane in photomicrographs at 250x magnification.10 
Data from central, mid and peripheral incision portions were averaged. 
Ultrastructural measurements were performed in three adjacent zones bordering 
the epithelial plug, and in unwounded control tissue (Tables 2a-c). Measurements of fiber 
diameter, i.e. the shortest diameter of cross sectional fiber contours on ultrastructural 
micrographs at 113,000x final magnification, were performed with a Bausch and Lomb 
7x reticle, with a 20 mm metric scale at 0.1 mm intervals, and averaged for each wound 
(Tables 2a-c).913 
The thickness of zones 1 and 2 was measured in five representative areas at 
20,000x, using the ТЕМ ocular's 4x4 cm crosshairs, with a 8 cm metric scale at 1 cm 
intervals (Tables 2a and 2b). Ten fiber diameter measurements were taken of microfibrils 
and anchoring fibrils underneath the epithelial plug and the surface epithelium (Table 2a). 
Thirty measurements of fiber diameter were taken in zone 2 and in the anatomical 
Bowman's layer (Table 2b). Thirty fiber diameter measurements were taken in zone 3 and 
in the unwounded stroma at the same stromal depth (Table 2c). 
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<— Figure 1: Human keratotomy wounds containing epithelial plugs at (a) 46%, fb) 18% and (c) 7% stromal 
depth (specimens S. 1 and 7 respectively), liie area with tiansverse scar tissue organization directly underneath 
the inferior border of the plug, is indicated by an arrowhead; deeper wound regions show disorganization of 
cells and extracellular matrix (Mallory's azuie II - methylene blue I basic fuchsin, bar = ¡Ο μτη). 
Cell interaction was defined by direct cell-cell apposition of cell membranes 
without interlaying extracellular matrix. Fibroblasts were distinguished from epithelial 
cells by the lack of a basement membrane complex along the entire cell surface facing the 
scar, their different cell shape and organelles, and their predominantly intrastromal 
orientation.3 Myofibroblasts were distinguished by the presence of intracellular bundles of 
microfilaments, that were isodirected within the same or adjacent cells.12 Cellular 
interactions between fibroblasts and epithelial plug cells, basement membrane duplication, 
fibroplasia from the wound edges extending underneath the surface epithelium, and 
basement membrane remnants and microfibers in deeper scar regions, were graded absent 
("-") or present (" + ") (Table 3). 
Statistic analysis was performed using the paired Students-t-test. 
Results 
Of the 20 human keratotomy wounds evaluated, all but one contained an epithelial 
plug, with and average stromal depth of 12.5% (± 6.5%) (Figures la-c; Table 1). The 
interface between the plug and the stromal tissue around the entire plug, most often had a 
continuous basement membrane complex with hemidesmosomes and anchoring fibrils 
(Figures 2a-f). Remnants of a previously deposited basement membrane complex were 
often seen in the adjacent scar tissue; in between focal duplications of the complex, 
microfibrils and anchoring fibers were visible (Figure 2a). Accumulation of both types of 
fibrils was also seen in typical recesses (anterior impressions in the "basal" epithelial plug 
cells) (Figure 2b). Clusters of microfibrils (typically 10 to 50) were visible throughout the 
scar tissue in the vicinity of the plug (Figure 2c), but were also found in deeper scar 
regions (Figure 2d; Table 3). Absence of the basement membrane complex was seen in 
areas where fibroblasts and epithelial cells showed direct cell-cell contacts (Figure 2c; 
Table 3). 
The presence of basement membrane duplication, microfibrils and epithelial 
anchoring fibrils directly underneath the epithelial plug cells, formed a "layer" of 
extracellular matrix (zone 1, Figures 2a-f) with an average thickness of 0.2 μπ\ (+ 0.1 
μιτι) (Table 2a). The average diameter of anchoring fibrils underneath the plug cells (3.8 
nm + 0.6 nm) differed significantly from that of adjacent microfibrils (12.4 nm ± 0.6 
nm) (p<0.05), but not from that of anchoring fibrils underneath the surface epithelium 
between keratotomy incisions (3.7 nm ± 0.6 nm) (p>0.1) (Table 2a). 
Directly underneath zone 1, scar tissue with a random fiber organization 
resembled the normal ultrastructure of Bowman's layer, except for the presence of cells 
and microfibrils. This "layer" (zone 2, Figures 2e, 2f and 3b) intermingled with more 
regularly organized fiber structures, i.e. pre-existing tissue at the wound edges and/or 
newly deposited collagen fiber bundles. Zone 2 had an average thickness of 1.1 μνη (± 
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<— Figure 2: Transmission electron microscopy of the characteristic features of zone 1 (α-d) and zone 2 (e and 
f) (specimens 3, 7, 2, 2, 6, 5 respectively), (a) Vie epithelial plug (EP) is bordered by a basement membrane 
complex with hemidesmosomes (astncks), anchoring fibers (small arrowhead), and microfibrils (large 
arrowheads). The complex shows duplication, and can be distinguished fiom the adjacent scar tissue (zone 1, 
arrows), (b) Within a typical epithelial "recess", accumulation of anchoring fibers (small arrowheads) and 
microfibrils (large arrowhead) can be seen, (c) Direct cell-cell contact (small arrows) is visible between a 
fibroblast (F) and an epithelial plug cell (EP) Note that a basement membiane complex is present underneath 
the epithelial cell, but not underneath the fi bi obi ast cell membiane facing the scar. Underneath the basement 
membrane and thioughout the adjacent scar tissue, chistéis ofmiciofibnls (arrowheads) are visible, (d) A cluster 
of microfibrils is seen in deeper scar regions underlying the plug, (e and f) Adjacent to the lateral border of the 
epithelial plug, m between zone 1 (1) and the anatonucal Bowman's layer (BL, small arrows) and a stromal 
lamella (LA, small arrows), a scar tissue layer [zone 2 (2)] can be seen with a Bowman's layer-like random fiber 
organization (Bar = 0.5 μτη for all figures). 
0.7 μπι) (Table 2b). The average fiber diameter in zone 2 (22.5 nm ± 2.1 nm) did not 
differ from that of the anatomical Bowman's layer within the same specimens (22.6 nm + 
1.2 nm) (p>0.1) (Table 2b). 
Adjacent to zone 2, the scar tissue was oriented in three directions: along the 
depth of the wound (sagittal), along the length of the wound (longitudinal), and across the 
wound (transverse) (Figure 4). At the lateral borders of the plug, fibroblasts and collagen 
fibers had an orientation in the sagittal/longitudinal plane (Figure 4). At the base of the 
plug, cells and fibers showed an orientation in the transversal/longitudinal plane (Figures 
la-c, 3a and 3b). Transverse fibers across the wound were found to be continuous with 
isodirected, i.e. co-linear fibers of one or more lamellae at both of the wound edges 
(Figure 3). The thickness of the newly formed fiber bundles varied from approximately 
50 - 100% of that of normal lamellae. In "en face" sections, parallel to the corneal 
surface, these bundles were often found to be organized obliquely instead of transversely, 
i.e. at a non-perpendicular angle to the wound edge (Figure 5). 
Since orientation of fibroblasts appeared to be associated with that of the collagen 
fibers, the thickness of the transversely oriented scar tissue (parallel to the base of the 
plug) was measured at the light microscopic level. The average stromal thickness of this 
"transversely oriented scar tissue layer" (zone 3, Figures la-c, 3a and 3b) was 6.7% (+ 
4.6%) of the corneal thickness (Table 1). The average collagen fiber diameter in zone 3 
(22.7 nm ± 1.1 nm) did not differ significantly form that in the adjacent unwounded 
stroma (22.8 nm ± 1.2 nm) (p>0.1) (Table 2c); fiber diameter variability as determined 
by the standard deviation, was always higher in zone 3 (range 3.7 - 9.4 nm) than in the 
adjacent unwounded stroma (range 1.3 - 2.7 nm) (Table 2c). Scar regions underneath 
zone 3 (Figures la-c and 3a) showed a longitudinal and sagittal collagen fiber orientation 
and large accumulations of amorphous extracellular matrix; transverse fibers were 
generally absent. 
The ultrastructure of zones 1, 2 and 3 at the interface of the epithelial plug and the 
stroma, appeared to be similar underneath plugs at various stromal depths within the same 
or among different specimens. Only in the specimen that contained incisions 3.5 months 
postoperative, the wounds did show activated fibroblasts with apparent myofibroblastic 
characteristics over the entire wound depth. The other specimens had varying degrees of 
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Figure 3: Transmission electron microscopy of characteristic scar tissue organization in zone 3 (3) of a human 
keratotomy wound (specimen 5). (a) Underneath the inferior border of the epithelial plug at 43% stronuil depth, 
transverse fibroblast orientation is visible. Bundled collagen fibers across the wound (arrows) appear to be 
continuous with isodirected fibers of one or more lamellae at the wound edges (WE) (Bar = 5 μηι). (b) Higher 
magnification of the area indicated in (a). Directly underneath the epithelial plug, a layer of scar tissue 
resembling anatomical Bowman 's layer can be seen [zone 2 (2), arrowheads]. Adjacent to zone 2, transversely 
oriented fibers (arrows) are visible, that characterized zone 3 (Bar = 1 μηι). 
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hypocellularity of the scars, with a quiescent appearance of the fibroblasts underneath the 
epithelial plug, and a semi-activated, 'rounded-up' cell appearance in deeper scar regions. 
Underneath the surface epithelium, duplication of the epithelial basement 
membrane was seen in 6 (= 60%) specimens (Figure 6; Table 3). Fibroplasia, i.e. 
stromal tissue proliferation through the gap in Bowman's layer was not seen in any of the 
specimens (Table 3). 
Table 3 - ULTRASTRUCTURAL CHARACTERISTICS OF HUMAN KERATOTOMY WOUNDS 
SURFACE EPITHELIUM SCAR 
Fibroplasia Duplication Basement Presence 
basement membrane clusters of 




















+ = present 
- = absent 
Discussion 
The process of epithelial plug elimination in unsutured wounds has been studied in 
rabbits.6,13'18 Due to the lack of a Bowman's layer, the tendency of the incised stroma to 
stretch, and near anatomical wound restoration, long-term healing in these animals may 
not be representative of that in humans.13·1619·20 Healing in monkeys may better compare 
to that in humans. In a recent study,9 unsutured wound morphology in humans and 
monkeys was found to vary over the entire wound depth. Anterior regions showed a 
pseudo-lamellar restoration, whereas the mid-posterior regions were found to be 
disorganized. It was hypothesized that regional variation in healing may result from 
differences in healing rates throughout the wound, from mechanical or biochemical 
factors associated with epithelial plug elimination, or from different intrinsic healing 
properties among stromal layers.9 In the current study, the stromal healing response to an 
epithelial plug was compared between the anterior (wounds with superficial plugs) and 
mid-posterior stroma (wounds with deep plugs), to analyze the epithelial-stromal interface 
and to determine how an asymmetrical, unsutured wound morphology is established. 
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All human keratotomy specimens 
showed three subepithelial zones that 
characterized the scar tissue immediately 
surrounding the plug, irrespective of its 
stromal depth. A first zone that contained 
duplication of the basement membrane 
(Figures 2a-c) has been suggested to 
result from retention of the epithelium 
within the wound,516·21 since duplication 
of the basement membrane was found in 
a variety of pathologic conditions and 
with increasing age.22,23 It is unknown 
how the continuous, centripetal epithelial 
movement24 is affected by the presence 
of an incision(s); do limbal epithelial 
cells enter the peripheral end of a radial 
incision to move over the bottom of that 
incision toward the center, or does the 
epithelial sheet move over the incision at 
the level of Bowman's layer? A 
disruption of the epithelial movement 
with incomplete replacement of the cells within the wound, could also relate to an altered 
basement membrane deposition. 
Microfibrils adjacent to the epithelial plug in abundant clusters (Figures 2c and 2d) 
may morphologically resemble pre-elastic, oxytalan fibrils.25·26 In the developing comea, 
microfibrils were located in the stroma, suggesting the production of these fibrils by 
fibroblasts.27 The fibrils are relatively sparse in the adult, but are common in pathologic 
conditions that involve scar tissue formation underneath the surface epithelium, such as 
keratoconus and Fuchs' endothelial dystrophy.26·28 In our study, the presence of 
microfibrils and anchoring fibrils over focal, duplicated (or remnant) basement 
membrane,29 may suggest extracellular matrix (ECM) deposition over the basement 
membrane and subsequent formation of a new basement membrane over this ECM by 
epithelial cells.26 ECM deposition by fibroblasts would be expected to occur underneath 
instead of onto the basement membrane; in areas with direct contact between epithelial 
and stromal cells the basement membrane was always absent (Figure 2c). An epithelial 
cell response to wounding was also suggested by basement membrane duplication 
underneath the surface epithelium in areas between wounds (Figure 6).5·21 However, this 
duplication may have been préexistent or induced by surgical manipulation of the wound 
edges.1·30 
Underlying the first zone, a second zone contained a random fiber structure 
resembling the anatomical Bowman's layer (Figures 2e, 2f and 3b). The presence of cells 
and their close interaction with microfibrils suggested that this zone of fibrous tissue had 
replaced epithelial cells of the plug and/or their basement membrane meshwork, and that 
Figure 4: Diagram explaining terminology of scar 
tissue orientation. Fibroblast and collagen fiber 
orientation was defined as sagittal β, along wound 
depth), longitudinal (L, along wound length) or 
transverse (Γ, across the wound). Of the three 
zones at the interface between the epithelial plug 
and stroma, the third zone had fibroblast and 
collagen fiber orientation parallel to the plug: at 
the lateral borders of the plug scar tissue was 
organized in the "SL"-plane, and at the inferior 
border in the "TL'-plane. Tlte shaded area 
represents the orientation of the epithelial plug 
perpendicular to the corneal surface. 
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Figure 5: "En face " section made parallel to the corneal surface of a human keratotomy wound (specimen 8). 
Directly underneath the epithelial plug (EP), fiber bundles (arrowheads) can be discerned in an oblique direction 
across the wound. Although the direction of collagen fiber bundles was detenni ned at an ultrastructural level, the 
orientation of the fiber bundles to the wound axis is better shown at a light microscopic level. (Inset) Dotted line 
represents the plane of sectioning (Mallory 's azure II - methylene blue I basic fuchsin, bar — 50 μιη). 
Figure 6: Transmission electron microscopy of a human keratotomy wound (specimen 5). Underneath the surface 
epithelium (SEP), multiple duplications of the basemement membrane (arrows) and accumulations of achoring 
fibers (arrowheads) are visible (BL = Bowman's layer) (Bar = 0.5 μηι). 
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it formed a transition zone between the epithelium and the underlying scar tissue that was 
organized parallel to the plug. 
A transverse scar tissue orientation at the base of the plug in the present study 
(Figures 1 and 3) may resemble the previously described' subepithelial pseudo-lamellar 
repair in the anterior regions of completely healed keratotomy wounds. Furthermore, in a 
recent monkey study,31 the former presence of an epithelial plug in unsutured wounds 
apparently resulted in an initial transverse scar tissue orientation over the entire wound 
depth, whereas the scar was disorganized in early sutured wounds. These observations 
suggest that transverse scar tissue organization is induced by (factors related to) the 
epithelial plug. To what extent can the epithelium direct fibroblast and associated collagen 
fiber orientation? 
Fetal chick epithelium (ectoderm) may produce an acellular "primary stroma" that 
serves as a directional membrane for neurectodermal fibroblast invasion.32 In subsequent 
phases of development, these fibroblasts may deposit collagen onto the primary fibers to 
form a "secondary stroma".33 In vertebrates, the primary stroma may have a limited 
capacity to serve as a directional membrane for lamellar fibroblast organization.32-34 
Although a recapitulation of fetal tissue conditions has been documented13·35 in healing 
wounds, the role of epithelial ECM deposition in fibroblast direction may be uncertain. 
However, the borders of the epithelial plug may be expected to serve as a "new corneal 
surface" for template-depending fibroblasts.4·7,36·37 If so, the capacity of the plug to induce 
fibroblast orientation parallel to its inferior border may result in a pseudo-lamellar scar 
tissue organization across the wound. Apparently, induction of transversely oriented scar 
tissue by the plug is limited to the area directly underneath the plug, since deeper regions 
contained a sagittal scar tissue organization. 
Alternatively, (myo)fibroblasts may orient according to stress lines within the 
tissue.8·12·16 In keratotomy wounds in cats, myofibroblasts had an orientation parallel to 
the corneal surface, but not necessarily across the wound.38 In rabbit keratotomy wounds, 
myofibroblasts showed a re-orientation from a random distribution into an orientation 
along the wound.8 It was hypothesized that the stress forces along the wound exceeded 
those across the wound, so that the cells re-oriented along the wound. In the present 
study, the orientation of subepithelial fibroblasts and co-directed collagen fibers parallel to 
the corneal surface but at variable angles to the wound edge (Figure 5), may therefore 
suggest that the major stress forces were directed in the transversal/longitudinal corneal 
plane (Figure 4). If so, the stress forces apparently concentrate in the area directly 
underneath the epithelial plug, because the scar tissue in deeper wound regions had a 
sagittal orientation and seemed therefore not subjected to and/or organized by stress 
forces across the wound. 
Apart from its causative factors, the presence of a thin layer of subepithelial 
pseudo-lamellar repair at a given stromal depth, may be expected to have an effect on the 
stress bearing qualities of an individual wound.3940 These properties may be hypothesized 
to vary with the depth of the epithelial plug and the thickness of the layer of pseudo-
lamellar repair: the more anterior the pseudo-lamellar repair, the more wound stability; 
and the thicker the pseudo-lamellar repair, the more wound strength. Extreme individual 
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wound healing responses,4·5 for example, a thick pseudo-lamellar layer underneath a 
superficial epithelial plug, may clinically result in less refractive effect, i.e., 
undercorrection; a thin layer underneath a deep plug may result in more effect and 
refractive instability, i.e., overcorrection or fluctuation in visual acuity. Because the depth 
of the plug and the thickness of the pseudo-lamellar repair varied among the incisions 
within the same specimens, each of the incisions may have had a different contribution to 
the refractive effect. Extreme asymmetry in healing among the incisions, as was often 
seen in corneal buttons that were removed for visual complications after RK,4 may 
therefore be a cause of induced astigmatism. 
In monkeys, keratotomy wounds showed a re-orientation of scar tissue from an 
early transverse into a late sagittal orientation, with a breakdown of early pseudo-lamellar 
repair across the wound.10·31 If a similar process exists in humans, it may be speculated 
that an initial pseudo-lamellar repair reduces the refractive effect following radial 
keratotomy, but that subsequent ineffective remodeling (with re-orientation of scar tissue 
parallel to the wound) results in weakening of the scar and a concomitant increase in 
effect. In combination with scar tissue contraction along the length of the wounds,4 long-
term remodeling of the scar could therefore form the histopathological substrate for a shift 
in hyperopic direction following radial keratotomy. 
The presence of transversely oriented scar tissue underneath the epithelial plug, 
but not in deeper scar regions indicated that unsutured wound healing is characterized by 
a regional variation in healing. Since pseudo-lamellar repair was found underneath plugs 
at different stromal levels, asymmetry of the scar appeared independent of the presence 
and/or the depth of a plug. Epithelial plug(s) at variable stromal depth and associated 
pseudo-lamellar repair of variable thickness, may affect the biomechanical response of the 
comea following radial keratotomy, and the response may change during elimination of 
theplug(s) from the wound(s), or during scar remodeling. 
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CHAPTER 5 - HEALING MORPHOLOGY OF UNSUTURED 
COMPARED TO SUTURED CORNEAL WOUNDS 
5.1 - A comparison of wound healing in sutured 
and unsutured corneal wounds 
Gerrit R.J. Melles and Perry S. Binder 
Abstract 
We compared corneal wound healing in 25 clear transplants with 26 keratotomy 
specimens and sutured and unsutured corneal wounds in a monkey model. Monkey wounds 
healed faster than human wounds, but healing time within the same species varied. 
Sutured wounds were characterized by subepithelial fibroplasia, recovery of collagen fiber 
continuity and absence of epithelial plugs. Unsutured wounds had no subepithelial 
fibroplasia but had fibroblast and collagen fiber orientation parallel to wounds. 
Unsutured wounds in corneas containing sutures had subepithelial fibroplasia, and 
fibroblast orientation and fiber deposition parallel to the wound. Epithelial ingrowth and 
incarceration of Bowman's layer and/or Descemet's membrane in unsutured wounds 
appeared to disrupt wound healing. Abnormalities in wound healing in sutured or 
unsutured wounds are associated with lamellar distortion, a modified inflammatory 
response, and individual wound healing response. (Arch Ophthalmol 1990;108:1460-1469) 
Keywords: wound healing, corneal transplantation, radial keratotomy, cornea 
Presented at the Association for Research in Vision and Ophthalmology meeting, Sarasota, 1990. 
From the National Vision Research Institute, San Diego, U.S.A.; and the Department of 
Ophthalmology, University of Leyden, The Netherlands. 
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Introduction 
Radial keratotomy achieves its effect by incising stromal fibers allowing the 
midperipheral comea to bulge, which produces a concomitant flattening of the central 
comea.1,2 Several clinical observations have suggested that wound healing following 
keratotomy is delayed or incomplete, at least in the first few years after surgery. 
Progressive flattening of the comea associated with a progressive hyperopic shift was first 
documented by Deitz and Sanders3 and has since been confirmed by others. Late onset 
bacterial keratitis,'' recurrent epithelial erosions,5 anterior membrane dystrophy,6 stellate 
iron lines,7 and traumatic wound rupture,810 which have been reported to occur following 
keratotomy procedures, may be related to abnormalities in wound healing. Morphologic 
studies" of radial and astigmatic keratotomy specimens have substantiated features 
consistent with incomplete and/or abnormal wound healing. 
Lack of wound apposition may be responsible for the documented features; 
changes in intraocular pressure, eyelid pressure, or the tendency of Bowman's layer to 
gape could all act in combination to inhibit closure of the anterior corneal wound. A 
previous study by Anderson and coworkers'2 has documented that the tear film 
neutrophile response to a keratotomy incision is significantly lower than that seen 
following a thermal bum. Previous morphologic studies of sutured corneal wounds 
following penetrating keratoplasty13·14 have not demonstrated the same morphological 
features as seen following keratotomy procedures. However, the clinical and 
morphological abnormalities following keratotomy procedures may not merely be 
explained by the absence of sutures, since wound healing following penetrating 
keratoplasty is often also slow and abnormal.13"20 To study the effects of suturing corneal 
wounds, we performed an analysis comparing sutured wounds following corneal 
transplantation in humans and in a monkey model with unsutured wounds following 
various keratotomy procedures in humans and in monkeys. 
Materials and methods 
Twenty-five human clear corneal specimens from 23 patients obtained 4 months to 
43 years following penetrating keratoplasty (sutured wounds) (Table 1) and 26 clinical 
keratotomy specimens from 22 patients obtained 5 to 70 months following various 
keratotomy procedures (unsutured wounds) (Table 2) were studied. Sutured and unsutured 
keratotomy wounds were also studied in 10 eyes of 5 adult (8-11 year old) female 
monkeys (Macaca fascicularis), weighing 8-10 kg. 
Animals were housed and treated according to the Association for Research in 
Vision and Ophthalmology resolution for animal care. All keratotomy procedures were 
performed by one of us (PSB) following a previously described protocol.21 All monkeys 
underwent bilateral, modified trapezoidal keratotomy procedures, using one tangential and 
two semiradial incisions in each half of the comea. Semiradial incisions were made from 
the optical clear zone to the limbus (downhill; centrifugal; "American" technique) or from 
the limbus to the optical clear zone (uphill; centripetal; "Russian" technique) (Figure 1). 
Monkey 5 had four additional semi-radial incisions made in each eye two months 
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Table 1 - CLINICAL AND SURGICAL DATA FROM HUMAN CLEAR CORNEAL TRANSPLANT SPECIMENS* 
Patient Age/ Time to 
number Sex postoperative 
History 
removal Specimen Symptom Outcome Date 
81 F 4 months WG 
78 F 10 months В 

















73 F 5 5 years WG 
9 73 F 7 years WG 
10 62 F 11 5 years В 
11 71 M Unknown WG 
12 68 M 7 5 years WG 
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22 77 F 36 months В 
23 59 M 10 years В 
24 73 F 43 years В 
25 7 7 F Unknown WG 
HSV keratitis 
Astigmatism 

























*WG indicates whole globe, B, button, LR, lamellar resection, ABK, aphakic bullous keratopathy, PKP, penetrating 
keratoplasty, PBK, Pseudophakie bullous keratopathy, ECCE, extracapsular cataract extraction, HSV, herpes simplex 
vims, and Ruiz, Ruiz trapezoidal keratolomy 
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*WG indicates whole globe, B, button, LR, lamellar resection, ABK, aphakic bullous keratopathy, PKP, penetrating 
keratoplasty, PBK, Pseudophakie bullous keratopathy, ECCE, extracapsular cataract extraction, HSV, herpes simplex 
virus, and Ruiz, Ruiz trapezoidal keratotomy 
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postoperatively. No refractive or 
keratometric data were recorded. 
In the right eye of monkey 1, two 
interrupted 10-0 nylon sutures on a four-
wire needle (CU-5, Alcon Laboratories, 
Fort Worth, TX) were placed in the 
superior tangential and the semiradial 
incision at the 7 o'clock position of the 
eye. In the left eye, one suture was 
placed in the semiradial incision at the 11 
o'clock position and two interrupted 
sutures were placed in the inferior 
tangential wound. In monkey 2, two 
interrupted sutures were placed in the 
semiradial at the 11 o'clock position and 
the inferior tangential incision of the 
right eye, and in the superior tangential 
and the semiradial incision at the 5 
o'clock position of the left eye (Figure 
1). All knots were buried. No sutures 
were used in monkeys 3 through 5 
(Figure 1). Monkeys 1 and 2 were killed 
2.5 months after surgery, monkeys 3 and 
4 after 8 months and monkey 5 after 4.5 
months. Sham suturing procedures were 
not performed. 
Following enucleation, each 
monkey corneal-scleral rim was gently 
excised from the globe. Human specimens were sent to our laboratory in buffered 
formaldehyde or glutaraldehyde. All human and primate comeas were divided into 
portions for light microscopy, transmission electron microscopy, scanning electron 
microscopy, or histochemical analysis. The unfixed specimen quadrants intended for light 
microscopy were fixed in 10% neutral-buffered formaldehyde and embedded for 
histological analysis. Paraffin sections were stained with Masson's trichome, periodic 
acid-Schiff, and alcian blue. Quadrants intended for transmission electron microscopy 
were fixed in 2.5% glutaraldehyde / 2 % paraformaldehyde in 0.1 M cacodylate buffer 
(pH 7.3, 340 mOsm), and post-fixed in 2% osmium tetroxide in 0.1 M cacodylate buffer 
for one hour. The specimens were then dehydrated in a graded series of ethanol followed 
by intermediate changes of propylene oxide and embedded in epoxy resin (Poly bed Epon 
812, Polysciences, Warmington, PA). Ultrathin sections were prepared and stained with 
2% aqueous uranyl acetate, followed by Reynold's lead citrate. Sections were evaluated 
with a transmission electron microscope (HU HE, Hitachi, Japan) at 75 kV. Specimens 
designated for scanning electron microscope were dehydrated through two changes of 
Figuie I: Schematic representation of the 
keratotomy and suture patterns that were performed 
for this study in ten monkey eyes. 
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Figure 2: Two sutured monkey wounds 2.5 months after operation. Subepithelial fibroplasia (arrows) is present 
over the wound area (W) and over the suture (S). Over the latter area the epithelium is pushed anteriorly and 
Bowman's layer is absent (toluidine blue O, original magnification ХІЗО). inset, an extensive lymphocytic 
inflammatory reaction (arrowheads) surrounds the suture tract (toluidine blue O, original magnification x80). 
100% ethanol for 10 minutes each and then were critical point dried in a dryer (Samdri-
790 dryer, Tousimis, Rockville, MD) using liquid C0 2 . Specimens were sputter-coated 
with a mixture of gold and palladium and examined using a Hitachi S-520 scanning 
electron microscope at 20 kV. 
One-micrometer sections were cut perpendicular to the semiradial incisions and 
stained with Toluidine blue O. All sections were viewed and photographed at χ 150 and 
x450 magnification (Olympus Vanox light microscope). The recipient side of two corneal 
transplant wounds could not be evaluated due to its absence in the corneal button. 
In determining the phase of wound healing the following criteria were used: (1) 
size and diameter of the epithelial plug (when present), thickness of the epithelial layer, 
and presence of a basal lamina; (2) orientation of fibroblasts and their metabolic activity 
as judged by the amount of rough endoplasmatic reticulum and Golgi apparatus; and (3) 
presence, extent and nature of the polymorphonuclear or mononuclear inflammatory 
reaction. 
Results 
Twenty-five human clear corneal transplant (sutured) wounds from 23 patients 
(Table 1) were compared with unsutured wounds in 26 human radial and astigmatic 
keratotomy specimens obtained from 22 patients (Table 2). In four eyes of two monkeys, 
6 sutured wounds were compared with 10 unsutured wounds within the same eyes, and 
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with unsutured wounds made in six 
control eyes (3 monkeys) that did not 
contain sutures (Figure 1). Sutured and 
unsutured wounds were compared within 
the same cornea in five human specimens 
that contained both corneal transplant and 
keratotomy wounds (Table 1). 
Complete wound healing was 
found in all but one of the sutured human 
transplant wounds. All sutured and most 
unsutured monkey wounds showed 
complete wound healing as early as 2.5 
months after surgery, although epithelial 
plugs were still present in unsutured 
monkey wounds, 8 to 22 months after 
surgery (GRJM and PSB, unpublished 
data, 1990). Epithelial plugs varying in 
size and diameter were also found in 17 
(65%) of the human keratotomy 
specimens. The phase of wound healing 
within these unsutured incisions 
correlated poorly with the postoperative 
time. Epithelial plug formation was 
absent in some specimens six months 
after operation, whereas it was present 
up to four years after surgery in other 
specimens. Although keratotomy wounds 
appear to heal much faster in monkeys 
(GRJM and PSB, unpublished data, 
1990),21·22 the evaluation of human and 
monkey keratotomy specimens suggested 
that wound healing may also vary 
considerably between individuals within 
the same species. 
Inflammatory cells 
In sutured monkey wounds, an 
extensive, bilateral, lymphocytic 
inflammatory reaction surrounded the 
sutures (Figure 2); the intensity of the 
reaction differed between the two 
monkeys with sutured wounds. Extensive 
fibroblastic proliferation was present 
¿r'yÌNC . ' " 'я. 
Figure 3: Human transplant wound 11.5 years after 
operation. Incarcerated recipient stroma (dashed 
lines) results in an unequal suiface that is leveled 
off by the epithelium varying in thickness from 6 to 
11 layers; note how fibroblasts remain oriented 
parallel to the incarceration. Subepithelial 
fibroplasia (arrow) extends centrally. Underneath 
the "S" shaped host-donor junction a continuous 
endothelial cell layer is visible (arrowhead) 
(toluidine blue O, otiginal magnification x230). 
Figure 4: Human keratotomy wounds 21 to 26 
months after operation. Re-incision of the initial 
wound created a second wound (arrows) resulting 
in fragmentation and incarceration of Bowman's 
layer (arrowheads). Note the epithelial ridge over 
the unhealed wound, and the lamellar compression 
apparently due to scar contraction (toluidine blue 
0, original magnification ХІ35). 
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Figure 5. (a) Sutured monkey keratotomy wound 2.5 months after operation. Vie wound is characterized by 
minimal lamellar distortion, recovery of fiber continuity and subepithelial fibroplasia through the gap in 
Bowman's layer (arrow) (toluidine blue O, original magnification x235). (b) Unsutured monkey keratotomy 
wound within the same eye. Note that the wound shows sutured wound characteristics - subepithelial fibroplasia 
(arrow) - and unsutured wound characteristics - lamellar compression by scar-contraction, and fibroblast 
orientation and collagen deposition parallel to the wound especially in the mid-stromal region - (toluidine blue 
O, original magnification x235). Compare with figure 8b and 8c. (c) Unsutured monkey keratotomy wound in an 
control eye without sutures 8 months after operation. Subepithelial fibroplasia is absent. ТІы broad scar shows 
no evidence of recovery of the normal lamellar structure. In the midstroma fibroblasts oriented parallel to the 
wound appear to have deposited collagen fibers in the same direction (toluidine blue O, original magnification 
x235). 
over each suture. In this same area, Bowman's layer was not visible; the epithelium 
protruded anteriorly over the wound. Only minimal inflammatory activity was seen in the 
sutured and unsutured human specimen wounds. 
Epithelium 
The epithelium completely covered the wound area in all but one of the human 
sutured corneal transplant wounds. Epithelial thickness depended on the apposition of the 
underlying Bowman's layer and stroma (Figure 3). In some specimens, the cut edges of 
the donor and recipient were badly apposed, producing a deformation at the incision site. 
In other specimens, stromal proliferation over the wound area extended through the gap 
between the host and donor Bowman's layer. The elevation resulting from the unequal 
surface was corrected by the epithelium, which varied in thickness from 2 to 15 layers in 
an attempt to produce a smooth surface (Figure 3). In one specimen that had undergone a 
trapezoidal keratotomy procedure following penetrating keratoplasty, an epithelial plug 
was present in the presumed transplant wound. In this wound a tangential keratotomy 
incision had been made in the graft-host interface, according to the operative report. 
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In contrast to sutured transplant 
wounds, apparent epithelial ridges were 
disclosed by light and scanning 
microscopy over unhealed human 
keratotomy incisions (Figure 4). In three 
(12%) human keratotomy specimens 
whose anterior wounds were unopposed, 
the wound was only partially filled with 
epithelial cells, possibly due to artifactual 
re-opening of the incisions. In contrast, 
the epithelium overlying well apposed, 
healed keratotomy wounds was smooth. 
The same morphological features were 
seen in the monkey specimens; sutured 
wounds were covered with a smooth 
epithelium over local ridges of stromal 
proliferation (Figure 5a). Epithelial 
ridges were found over unhealed 
unsutured wounds. No epithelial ridges 
were seen in the completely healed 
unsutured wounds (Figures 5b and 5c). 
In most transplant and keratotomy 
wounds, a basal lamina was present 
underneath the epithelium and in 
epithelial plugs (Figure 6). When 
Bowman's layer was absent, the 
epithelium had an irregular basal layer, 
consisting of small round basal cells 
(Figure 3). 
Figure 6: Unsunned monkey wound 8 montlts after 
operation. A basal lamina (arrows) is present 
underneath the epithelial cells (EP) overlying the 
wound area. In the adjacent newly formed anterior 
stroma (ST) a basal lamina remnant (arrowheads) 
can be seen (original magnification x27,600). 
Bowman's layer 
In four (16%) of the human transplant wounds, a second break was seen in the 
donor Bowman's layer, close to the break where the penetrating incision was made. Such 
fractures may be due to changing the trephine position prior to trephination, to forceps 
manipulation of the tissue at the time of surgery, or to damage produced with scissors at 
keratoplasty (Figure 7). None of the transplant wounds had a separation of Bowman's 
layer from the underlying stroma. Bowman's layer was absent over the wound in eight 
(32%) specimens (Figure 3). Incarceration of Bowman's layer was found in five (20%) 
transplant wounds. None of these specimens had stromal wound defects or epithelial 
ingrowth related to the incarceration. 
Three (12%) of the human keratotomy specimens with excessive epithelial 
ingrowth had incarceration of Bowman's layer (Figure 4) or a separation of the membrane 
from the underlying stroma. Bowman's layer was well apposed in completely healed 
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wounds, but was malapposed or unopposed in wounds containing an epithelial plug. 
Isolated fragments of Bowman's layer were found in wounds that had been reopened 
during a repeat keratotomy procedure (Figure 4). 
Stroma 
In contrast to perpendicular scar configuration characterizing keratotomy wounds, 
transplant wounds most often showed a great variety of a sideways "V" or "S" shaped 
junctions between donor and recipient (Figures 3 and 7). None of these wounds had an 
epithelial plug, except for one transplant wound that had been reincised. Lamellar 
distortion in sutured monkey wounds was generally very mild or absent; wound 
compression and malapposition were minimal (Figures 2 and 5a). Transmission electron 
microscopy revealed these wounds to have a fairly regular compact collagen fiber 
deposition compared to unwounded areas within the same eye (Figure 8a and 8b). Five 
human specimens obtained 11.5 to 43 years following transplantation showed a 
progressive recovery of the normal lamellar pattern over time. In one 43-year-old wound, 
the scar could barely be seen; only breaks in Bowman's layer and Descemet's membrane 
indicated the wound area. This case has recently been described.23 In contrast, unsutured 
Figure 7: Human transplant wound 7 years after operation. Additional breaks in Bowman's layer (arrows) may 
be due to intraoperative manipulation of the corneal button during removal. Locol subepithelial fibroplasia is 
visible through the gap in Bowman's layer (arrowheads) (toluidine blue O, original magnification x50). Inset, 
underneath the incarcerated recipient Descemet's membrane (D) stromal protrusion into the anterior chamber is 
visible, completely covered by healthy endothelium (toluidine blue O, original magnification xl 70). 
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Figure 8: Transmission electron microscopy of an unwounded area (a), a sutured (b), and an unsutured wound 
(c) within the same monkey eye 2.5 months after operation. Vie sutured wound area sliows a regular compact 
collagen fiber deposition whereas fiber deposition in the unsutured wound area is irregular and less compact. 
Fine or coarsely clotted granular, electron-dense depositions are visible in between the fibrils in sutured and 
unsutured wounds (original magnification л 36,000). 
human keratotomy wounds up to 70 months after operation showed fibroblast orientation 
and collagen deposition parallel to the wound (Figures 4 and 9)." 2 4 In unsutured monkey 
wounds, parallel orientation of fibroblasts and collagen fibers was most pronounced in the 
midstromal region. Compression of the lamellae adjacent to the wound appeared to be due 
to contraction of the scar (Figures 4, 5b and 5c). Ultrastructurally, the fibroblasts had 
dilated rough endoplasmatic reticulum; collagen fiber deposition appeared to be 
irregularly organized and less compact than sutured wounds within the same eye (Figures 
8b and 8c). 
Sutured wounds had a tendency to form a hypertrophic scar; fibrous tissue 
proliferated (fibroplasia) towards the epithelium through the gap in Bowman's layer. This 
feature was present in five (83%) of the sutured monkey wounds (Figures 1, 2 and 5a; 
Table 3), and in half of the human (sutured) transplant wounds. Although the proliferation 
most often extended only locally (Figure 7), a subepithelial stromal band had developed in 
seven (28%) human specimens (Figure 3). Four (40%) of the unsutured monkey wounds 
adjacent to sutured wounds also showed subepithelial fibroplasia through Bowman's layer 
(Figures 1 and 5b; Table 3). In contrast, subepithelial fibroplasia was completely absent 
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from the 28 unsutured monkey wounds made in the control corneas that had no sutures 
(Figures 1 and 5c; Table 3). A subepithelial proliferative fibrous reaction was also absent 
from all human keratotomy specimens. 
Descemet's membrane 
Protrusion into the anterior chamber ("log under rug effect"11) or contraction of the 
posterior stroma and Descemet's membrane was seen underneath half of the human 
keratotomy incisions, but only underneath two monkey wounds. 
Figure 9: Human keratotomy wound (postoperative rime unknown). Sectioning of the wound parallel 
longitudinal) to the corneal surface at a stromal level shows fibroblast orientation and collagen fiber deposition 
parallel to the wound (arrows) (toluidine blue O, original magnification хЗЗО). 
Table 3 - WOUND MORPHOLOGY OF SUTURED vs UNSUTURED WOUNDS" 






















Orientation of Parallel to corneal Parallel to 
fibroblasts surface or the wound 
in the wound area incarceration 
Parallel to 
the wound 
'ND indicates not done; + +, degree of activity; and -, no activity. 
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A significant incarceration of Descemet's membrane was seen in eight (32%) 
transplant wounds, seven (28%) of which had the recipient's membrane incarcerated 
(Figure 7). In the remaining wounds, misalignment of the tissues caused incarceration of 
the donor's Descemet's membrane. Five wounds showed wound healing abnormalities 
related to this incarceration. In all other transplant wounds, the relatively thin donor 
Descemet's membrane did not produce wound deformation. Splitting of Descemet's 
membrane was seen in four (16%) specimens; fragmentation or flangelike flaps were seen 
in eleven (44%). When a gap was present between the edges, a thin layer of newly 
formed Descemet's membrane covered the stroma (Figure 7, inset), except for three 
(12%) wounds in which retrocorneal fibroplasia was present. 
Discussion 
Multiple studies have described corneal wound healing in sutured transplant 
wounds1320·25"27 and in unsutured keratotomy wounds. 
1I.2B-31 j t j s n o t the extent of the tissue injury itself, but rather the reactive 
polymorphonuclear leukocytes, and particularly the activated macrophages, that appear to 
stimulate and control the corneal repair process.32 When silk sutures are used for corneal 
surgery, a prominent polymorphonuclear and mononuclear inflammatory reaction 
develops and rapid wound healing occurs. Nylon sutures are less antigenic, and produce a 
lesser lymphocytic inflammatory reaction surrounding the sutures.16·20 Previous work12 has 
suggested the inflammatory cell response following radial keratotomy is short and inactive 
compared with that following thermal wounds. To our knowledge, it has not been 
documented how sutured wound apposition (and the associated influx of white blood cells 
into the tear film) contributes to different qualities of the wound healing of unsutured 
keratotomy and sutured penetrating keratoplasty wounds. 
In the current study, wound healing in sutured and unsutured wounds was 
compared in humans and monkeys. The inflammatory reaction was more pronounced in 
the monkeys that had sutured wounds compared to unsutured wounds in control eyes 
without sutures, and the magnitude of the reaction was asymmetrical between mate eyes 
in the two monkeys. The higher number of inflammatory cells in the epithelial layer, the 
more intensive stromal inflammatory response, and the more distinctive stromal 
proliferation in one monkey, suggested that the individual inflammatory response affects 
the degree of fibroblastic stimulation and the rate of wound healing. Complete wound 
healing of unsutured wounds 2.5 to 8 months after surgery, compared with poor wound 
healing in humans up to 5 years after keratotomy, may be explained by a species 
difference (GRJM and PSB, unpublished data, 1990).2122 We were unable to determine if 
age plays a role in primate corneal wound healing. Two previous studies21·22 demonstrated 
rapid wound healing in primates after radial keratotomy, but the ages of the animals were 
not mentioned. 
A characteristic feature of a sutured wound was subepithelial fibrous tissue 
proliferation (fibroplasia) (Figures 2, 3, 5a and 7; Table 3) which was also present in 
unsutured wounds made in the same monkey eye (Figure 5b; Table 3), but absent in 
control monkey eyes without sutures (Figure 5c; Table 3). Apparently some factor(s) 
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(possibly from tear leukocytes) had a stimulatory effect not only on wound healing in the 
sutured wounds, but also on the fibroblastic activity in the adjacent unsutured wounds. 
We found a relatively high concentration of inactive fibroblasts with a 
perpendicular orientation to the wound (Figures 2 and 5a) in sutured monkey wounds. In 
contrast, in unsutured monkey wounds, activated fibroblasts were found with a parallel 
orientation to the wound, particularly in the midstromal region (Figures 5b and 5c).n 
Restoration of collagen fiber continuity appeared to be another characteristic feature of a 
sutured wound. For example, mild lamellar distortion was visible in transplant wounds 15 
and 43 years after operation.23 In healed keratotomy wounds, collagen deposition parallel 
to the incision was seen, as has been documented previously (Figures 4, 5b, 5c and 
9)U,M-M. How can these differences in fibroblast orientation and associated collagen fiber 
deposition be explained? 
Fibroblasts apparently are able to maintain or retake an orientation parallel to the 
stromal lamellae in sutured keratotomy wounds (Figures 2 and 5a). In unsutured 
keratotomy wounds the path of the fibroblasts is blocked by an epithelial plug. The 
epithelial incarceration and its newly formed basal lamina might be recognized as a new 
"corneal surface". Since fibroblasts tend to orientate parallel to stromal incarcerations,28 
these cells (activated and/or inhibited by overlaying epithelium,20,33 by epithelial 
regulatory cytokines, or by epithelial contact inhibition25·26) may therefore orient parallel 
to the keratotomy wound (Figures 4, 5b, 5c and 9).11·24·28 Subsequent collagen fiber 
deposition occurs parallel to the fibroblasts that they originate from,28 so new collagen 
fibers will be deposited parallel to the wound, i.e. perpendicular to the adjacent 
unwounded lamellae. Consequently, co-linear fiber re-union across the unsutured wound 
may not be expected. Recovery of collagen fiber-continuity seen in sutured wounds 
(Figures 5a, 9 and 8b) and relative fiber discontinuity in keratotomy wounds (Figures 4, 
5b, 5c, 8c and 9), may therefore result from epithelial ingrowth in the initial phase of 
wound healing (Figure 10). 
Myofibroblasts26·34·35 with a perpendicular orientation to a sutured transplant wound 
(parallel to the stromal lamellae) would tend to close the wound, whereas wound 
contraction by myofibroblasts in unsutured keratotomy wounds may occur parallel to the 
incision and may therefore not aid wound closure. Scar contraction along the length of the 
incision may also result in corneal compression in a radial direction (Figure 9). Radial 
corneal compression at the corneal-scleral limbus has been documented36 to produce a 
steepening of the central cornea. However, radial tissue compression within an optical 
zone of 4.5-5.0 mm resulted in a flattening of the central cornea.37 Radial keratotomy scar 
remodeling over the years26·29 and the associated progressive wound contraction parallel to 
the radial wound may therefore be responsible for the progressive flattening of the central 
comea over time, as clinically described following radial keratotomy.3 This hypothesis 
seems to disagree with the findings of Jester and coworkers,22·35 who correlated the 
decrease in initial flattening effect to the histologically observed wound contraction in the 
first six months after surgery. However, wound contraction may occur in two directions. 
Wound contraction across the wound that results in wound closure may be expected to 
reduce the flattening effect obtained, until the wound edges are completely appositioned. 
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Figure 10: Schematic representation of factors that may influence wound healing in keratotomy wounds (see text 
for explanation). 
Wound contraction parallel to the wound, along the length of the incision, may have an 
opposite effect as described above. 
Different techniques of trephining (towards the epithelium in the donor button, or 
towards the endothelium in the recipient), the use of different corneal scissors and/or 
tissue misalignment may frequently result in incarceration of Bowman's layer and/or 
Descemet's membrane, as well as producing lamellar distortion (Figures 3 and 7),13.'4·17·18 
Again, fibroblast orientation and concomitant fiber deposition will occur parallel to the 
incarceration rather than the corneal surface,28 and therefore fiber reconnection may not 
be established adequately. In contrast to the findings of Lang et al13 and Morrison and 
Swan14,17·18 none of the transplant or keratotomy wounds in our study showed wound 
defects or epithelial ingrowth related to Bowman's incarceration. This may be due to the 
longer postoperative time of our specimens. Artificial separation of the anterior 
Bowman's layer and opposing stroma in their specimens may indicate that wound healing 
between these structures is relatively weak and/or incomplete. In addition to defective 
wound healing, incarceration of Bowman's layer is also believed to contribute to 
postoperative astigmatism.13 
Eighteen (72%) of the transplant wounds showed abnormalities of Descemet's 
membrane in the form of incarceration (Figure 7), fragmentation, or formation of 
flangelike flaps. Related abnormalities in wound healing were seen in five wounds.13,17,19 
Splitting of the membrane could not be correlated with pre-existing abnormalities since 
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the ocular histories of these specimens were unknown. Seven (32%) of eight transplant 
wounds had Descemet's membrane incarcerated at the recipient side. Five of these 
specimens (with an incarcerated Descemet's membrane) also had incarceration of 
Bowman's layer. Overall, the donor Descemet's membrane did not seem to cause 
abnormalities in wound configuration. This may indicate that wound deformation due to 
incarceration will occur more often with a thicker Descemet's membrane. Since thickness 
of Descemet's membrane increases with age38 and patients with keratotomy are commonly 
young, retraction of a relatively thin Descemet's membrane after perforation of a 
keratotomy incision may have slight effect on wound morphology and corneal topography. 
In either a keratotomy or a transplant wound, displacement of lamellae with the 
same fiber direction will occur; reconnection across the wound site would involve non-
colinear fibers or a filamentous network of new fibrils intercalating with the old.29 
Maurice hypothesized25 that angled fiber re-union may decrease wound strength, since 
tension forces will cause the fibrils to slide sideways to lessen the angle between them. 
However, every angle between two (groups of) fibers will theoretically be compensated 
by an opposite angle between two other lamellae. If so, angled force transmission may 
create shear forces between lamellae. Both quality and direction of reconnected fibers 
may therefore alter the stress force resistance in the wound area, even if the fiber 
reconnection would be as strong as the original, uncut fiber structure itself. Permanent 
loss of the normal layered lamellar corneal anatomy may contribute to the decreased 
tensile strength8· 1*·2>·26·Ά&№ j
n
 transplant and particularly in less organized keratotomy 
wounds even after "complete" stromal wound healing has occurred (Figure 10). 
Apparently, the lack of a smooth corneal surface is closely related to the presence 
of an epithelial plug, because epithelial ridges or discontinuity were seen only over 
keratotomy wounds that had not yet healed and in which an epithelial plug was present 
(Figure 4). Why should the epithelium regenerate a smooth surface only in completely 
healed keratotomy and transplant wounds? Although epithelial wound healing 
abnormalities following keratotomy6·7 may result from surface irregularities, epithelial 
ridges over the incisions may not be present in vivo. Under physiological conditions actin 
filaments25 present between epithelial cells within an epithelial plug, may be stretched. 
Contraction of these filaments following elimination of the intraocular pressure (after 
excision of the cornea from the globe) may result in formation of epithelial ridges. If so, 
these ridges would only appear histologically. 
Five human specimens underwent a trapezoidal keratotomy procedure to correct 
post-transplant astigmatism 2 to 8 years after the initial penetrating keratoplasty (Table 1). 
After this period, the initially made circumferential (sutured) transplant wound appeared 
not to have had an effect on wound healing in the keratotomy (unsutured) wounds. Both 
types of wounds within the same specimen could be distinguished by epithelial plug 
formation (when present), configuration of stromal apposition, and the break in 
Descemet's membrane underneath transplant wounds. 
The variation in individual wound healing found in this study and it's poor 
correlation with postoperative time might be due to selection, since patients with 
abnormal wound healing patterns might be subjected to re-operation more frequently. 
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However, individual differences in wound healing were also found between monkeys. To 
what extent did selection occur among the specimens received by our laboratory? In three 
pairs of eyes that were received by our laboratory as whole globes from eye banks, six 
corneas with keratotomy incisions were obtained at traumatic death and not at operation. 
These corneas generally had better wound healing of the incisions, i.e. complete wound 
apposition and absence of an epithelial plug, than the wounds in 20 specimens received as 
a corneal button and obtained after re-operation. 
Three structural wound healing differences were detected between sutured and 
unsutured corneal wounds (Figure 10). First, in contrast to well-apposed edges in sutured 
wounds, unsutured wounds theoretically have the tendency to remain unopposed. Wound 
gapping may occur by the effect of eyelid pressure or intraocular pressure; collagen fibers 
in Bowman's layer and in the stromal lamellae may retract following cleavage. Second, 
wound healing abnormalities appeared to be closely related to permanent distortion of the 
normal lamellar structure by incarceration of Bowman's layer or Descemet's membrane in 
sutured wounds, and epithelial plug formation in unsutured wounds. Although the 
epithelium activates keratocytes, this activation may not aid wound healing in the latter 
wounds, since orientation of fibroblasts parallel to these wounds will result in collagen 
fiber deposition parallel to the wound, which may be ineffective in wound closure and 
wound repair. Epithelial contact inhibition might delay stromal repair. Third, insufficient 
keratocyte activation due to relatively low inflammatory response following keratotomy 
may result in a slow repair process compared with that following sutured wound 
apposition and corneal thermal bums. 
If delayed wound healing following keratotomy is due to lack of wound apposition 
and a concomitant permanent loss of the normal collagen fiber structure, placement of 
sutures may benefit wound healing (and may provide refractive stabilization), such as 
overcorrected cases that undergo wound repair. 
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5.2 - Scar tissue orientation in unsutured 
and sutured corneal wound healing. 
Gerrit R.J. Melles, Perry S. Binder, W. Houdijn Beekhuis, Max N. Moore, 
Robert H.J. Wijdh, Janet A. Anderson, Nirmala SundarRaj 
Abstract 
Purpose. To evaluate stromal wound healing morphology in short-term unsutured and 
sutured corneal wounds, to define the development of regional variation in healing within 
radial keratotomy wounds. 
Methods. Stromal scar tissue orientation (fibroblast and collagen fiber orientation) was 
analyzed in unsutured and adjacent sutured keratotomy wounds in monkeys, 2 to 9 weeL· 
after surgery, using light and transmission electron microscopy. 
Results. At 2 to 4 weeks, scar tissue orientation was transverse (to the wound edge) in 
unsutured wounds, but sagittal in sutured wounds. At 5 to 9 weeks, a re-orientation of 
scar tissue sagittal to the wound was seen in the unsutured wounds, proceeding from the 
posterior to anterior wound regions. In sutured wounds, a scar tissue re-orientation 
transverse to the wound was seen, proceeding from the anterior wound region in a 
posterior direction. 
Conclusions. Within the same cornea, sutured and unsutured wounds showed opposite 
patterns of healing. Sutured wounds initially healed more slowly, but obtained pseudo-
lamellar continuity over time. In contrast, healing in unsutured wounds was characterized 
by an approximation toward lamellar repair, that was followed by an ineffective re-
organization of the scar. This latter pattern of healing, that may be associated with a 
variable weakening of the wound, may relate to the clinical findings of unpredictability 
and/or progression of refractive effect following radial keratotomy. 
Keywords: cornea, radial keratotomy, sutured wounds, unsutured wounds, wound 
healing, stroma 
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Introduction 
Unsutured corneal wound healing has been described to be delayed and abnormal, 
compared to a progression toward normal stromal anatomy in sutured wounds.1"3 This 
difference may result from a lower inflammatory response in the absence of sutures,2 
and/or from wound gaping with epithelial plug development in early unsutured wounds.1·4 
Since recent studies suggested that unsutured wound morphology is not completely altered 
by the presence of adjacent sutured wounds within the same monkey cornea,3 a lower 
inflammatory response may not solely explain abnormal healing of unsutured wounds. 
Unstable opposition of the wound edges may interfere with healing due to eye lid 
movement and diurnal intraocular pressure variation. The presence of ectopic epithelium 
within unsutured wounds may also affect the organization of the stromal scar.5"11 
In a recent study,12 unsutured wound morphology in humans and monkeys was 
found to vary over the length and depth of the wound. Anterior regions showed near 
anatomical, pseudo-lamellar restoration, whereas the mid-posterior regions were found to 
be disorganized. It was hypothesized that regional variation in healing may result from 
differences in healing rates within the wound, from mechanical factors associated with 
epithelial plug elimination, or from different intrinsic healing properties among stromal 
layers. To further determine how asymmetrical repair of an individual unsutured wound is 
established, early wound healing phases may be analyzed in an animal model 
representative for healing in humans. 
To evaluate the chronological phases in early healing, and to determine factor(s) 
contributing to regional variation in healing, we studied light and transmission electron 
microscopic features of unsutured and sutured wounds within the same monkey eye. 
Materials and methods 
Radial keratotomy (RK) procedures were performed by one surgeon, experienced 
with experimental keratotomy procedures (GM), in seven male monkeys (Macaca 
mulatta), 5-7 kg in weight, aged 7-8 years. All animals were housed and treated 
according to the Association for Research in Vision and Ophthalmology resolution for 
animal care. 
Each monkey was anaesthetized with ketamine-HCL [Ketamine 100 mg/ml, Tesink 
Veterinary Products, Oudewater, The Netherlands (NL)] and acepromazine (Vetaranquil 
10 mg/ml, Sanory, Maassluis, NL). Eyelids were swabbed with 10% iodine (Betadine, 
Dagra, Diemen, NL), and covered with a sterile plastic drape (Inzisionsfolie 15 χ 26 cm, 
Johnson and Johnson, Amersfoort, NL). A double edged diamond blade (Drukker 
International, Amsterdam, NL) was set to achieve 90% of the thinnest ultrasonic central 
corneal reading, to avoid corneal perforation (Humphrey ultrasonic pachometer, model 
850, Humphrey, San Leandro, CA). Blade extension was measured monocularly under 
the operating microscope (Zeiss, Weesp, NL) at maximum magnification using a coin 
gauge. After marking a 3.0 mm optical clear zone (OCZ) centered on the pupil (Moria 
Instruments, Paris, France), centripetal (limbus to OCZ) incisions were made using the 
perpendicular cutting edge, with the eye stabilized with a toothed forceps at the opposite 
limbus 180° away. 
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All monkeys underwent a 
bilateral, six incision RK procedure; 
three semi-radial incisions were placed in 
each half of the cornea (Figure 1). 
Incisions at 1:30, and 7:30 o'clock in the 
right eye, at 4:30, and 10:30 o'clock in 
the left eye were sutured with two 
interrupted 10-0 nylon sutures on a four 
wire needle (Alcon monofilament Nylon, 
Gorinchem, NL). Suture tension was 
sufficient to obtain complete apposition 
of the wound edges. The knots were 
burned. At various postoperative time 
intervals, incisions at 12:00, and 9:00 
o'clock in the right eye, at 6:00, and 
9:00 o'clock in the left eye were 
reopened and closed with two interrupted 
sutures (Figure 1). At the end of each 
operation, 0.S cc gentamicin-sulphate 
(Garamycin 40 mg/ml, Schering-Plough, 
Weesp, NL) was injected sub-
conjunctivally. 
Monkeys were terminated 2, 3, 4, 
5, 6, 7, or 9 weeks after the primary 
surgery, using an overdose of 
intravenous pentobarbital-Na (Euthesate 
200 mg/ml, Apharma, Amhem, NL). 
Eyes were enucleated and comeo-scleral nms witn a suture ïaentitying me i¿ осіоск 
meridian of the scleral flap, were obtained by incising the sclera for 360° anterior to the 
equator leaving a 3 mm scleral rim, gently removing the anterior uveal tissue. With a 
razor blade knife, corneas were cut in half (endothelial side to epithelial side) 
perpendicularly to the incisions at 1:30, and 7:30 o'clock in the right eye, to those at 
4:30, and 10:30 o'clock in the left eye (Figure 1). 
Superior-nasal corneal halves of the right eye, and inferior-temporal halves of the 
left eye, intended for light (LM) and transmission electron microscopy (ТЕМ), were fixed 
in 2.5% glutaraldehyde / 2% paraformaldehyde in 0.1 ^mol/L cacodylate buffer (pH 7.3, 
340 mOsm), and post-fixed in 2% osmium tetroxide in 0.1 μπιοΙ/L cacodylate buffer for 
one hour. Specimens were then dehydrated in a graded series of ethanol followed by 
intermediate changes of propylene oxide and embedded in epoxy resin (Poly bed Epon 
812, Polysciences, Warmington, PA). Ultrathin sections of one unsutured and one sutured 
wound of each monkey were placed on slot grids, that were coated with a Formvar film 
(1% Formvar ethylene dichloride, Balzers Union Aktien Gesellschaft, Balzers, 
Lichtenstein) to allow evaluation of the whole wound in the same section, using a 
OD OS 
Figure 1: Keratotomy and suture patterns 
performed in 14 monkey corneas. Incisions in 
corneal halves designated for light microscopy (Im, 
nonshaded halves) were sectioned in the central (c), 
mid (m), and peripheral (p) portions. Reopened and 
sutured wounds (astricks) were not analyzed in the 
present study. The shaded corneal halves have been 
used for immunohistochemical fihc) analysis. 
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transmission electron microscope at 60 kV (JEM-1200 EX electron microscope, Joel Ltd., 
Tokyo, Japan). Inferior-temporal corneal halves from the right eye, and superior-nasal 
halves from the left eye were frozen for immunohistochemical analysis (Figure 1). 
One animal was terminated 2, 3, 4, 5, 6, 7 and 9 weeks after the primary surgery, 
and two unsutured and two sutured wounds from both eyes of the same animal (Figure 1) 
were evaluated for each postoperative time interval. Each incision was divided into a 
central, mid and peripheral portion* (Figure 1), and one micron sections were cut 
perpendicularly to each incision portion. Sections were stained with Mallory's azure II -
methylene blue, counter-stained with basic fuchsin," and photographed at 150x 
magnification (Olympus Vanox light-microscope, Olympus Optical Co LTD, Tokyo, 
Japan). In photomicrographs printed at 250x, the wound area was divided into six equal 
stromal regions: anterior-regions I and II, mid-regions III and IV, and posterior-regions V 
and VI (Figure 2). Using an arbitrary numerical scoring model previously described,12·14 
fibroblast orientation within each region was scored from 3 to 0 (3 = transverse, i.e. 
perpendicular to the wound; 0 = sagittal, i.e. parallel to the wound). Apparent lamellar 
continuity across the wound at an ultrastructural level was generally reflected by 
fibroblast orientation at a light microscopic level,3·8·12·14 and was not scored separately. 
Data of similar types of wounds in both corneas of each animal were averaged (Tables 1 
and 2). The analysis of reopened and sutured wounds (Figure 1) was not included in this 
report (see chapter 6). 
Statistical analysis was performed using NCSS regression analysis (Number 
Cruncher Statistical Systems, Dr J.L. Hintze, Kaysville, Utah, U.S.A.). 
Results 
We evaluated 14 unsutured and 14 adjacent sutured wounds, two to nine weeks 
after surgery, in a monkey model. At all postoperative time intervals, unsutured wounds 
showed complete stromal wound closure except for one superior wound in the right 
cornea of monkey 7, which contained a superficial epithelial plug nine weeks after 
surgery. Wound healing morphology in unsutured and sutured wounds appeared to be 
comparable between mate eyes; wound morphology did not differ among wounds in 
superior-nasal corneal halves of the right eye, and inferior-temporal halves of the left eye 
(Figure 1). 
Two to four weeks after surgery, unsutured wounds showed an overall transverse 
fibroblast orientation over the entire wound depth (Figure 2a; Table 1). Elongated cells 
with multiple cell-cell interactions were seen across the wound. Sutured wounds had an 
overall sagittal fibroblast orientation; clusters of fibroblasts were often seen in the anterior 
and mid stromal regions (Figure 2d; Table 2). Ultrastructurally, both types of wounds 
showed an amorphous extracellular matrix with a sparse distribution of collagen fibers 
along the fibroblasts. 
At five and six weeks, unsutured wounds showed fibroblasts with a transverse 
For clarity of nomenclature throughout the text, incision depth was subdivided into anterior, mid and 
posterior 'regions', and incision length into central, mid, and peripheral 'portions". 
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Figure 2: Unsutured (a-c) and sutured (d-fl wounds within the same monkey corneas, 3 weeks (a and d), 6 weeks 
(b and e), and 9 weeks (c and fl after surgery. Wound healing morphology was evaluated in six equal stromal 
regions (I to VI, as indicated by the horizontal bars in each photograph). At three weeks, the unsutured wound 
shows transverse fibroblast orientation in all regions (a), at six weeks in regions I to IV (b), and at nine weeks in 
regions I and II (c). Re-orientation of posterior fibroblast sagittal to the wound appears to progress from 
posterior to anterior over time. The sutured wounds shows transverse fibroblast orientation in none of the regions 
at three weeks (d), at six weeks in region I (e), and at nine weeks in regions I to III if). Establishment of 
transverse fibroblast orientation appears to progress from anterior to posterior over time. (Mallory 's azure II -
methylene blue I basic fuchsin, vertical bar = 100 urn). 
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Table 1 - SCORING OF FIBROBLAST ORIENTATION IN UNSUTURED WOUNDS 
Weeks 
post­














































































Table 2 - SCORING OF FIBROBLAST ORIENTATION IN SUTURED WOUNDS 
Weeks 
poet-














































































Scoring fibroblast orientation from 3 (= transverse, i.e. perpendicular to the wound) to 0 (= sagittal, i.e. parallel 
to the wound). 
* Regression analysis per wound region; testing slope = 0 
"" n.d. = no data 
**" Average of regions I to V 
orientation in the anterior and mid regions, but a sagittal orientation in the posterior 
regions (Figure 2b; Table 1). In sutured wounds, fibroblast orientation was transverse in 
the anterior wound regions, but sagittal in the mid-posterior regions (Figure 2e; Table 2). 
In both types of wounds, transverse fibroblast orientation was associated with bundles of 
collagen fibers across the wound. These bundles were continuous with isodirected fibers 
of one ore more lamellae at both of the wound edges; pseudo-lamellae were present in the 
anterior and mid regions of unsutured wounds and in the anterior regions of sutured 
wounds (Figure 3). 
At seven and nine weeks, unsutured wounds displayed a transverse fibroblast 
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orientation in the anterior regions only, whereas the mid and posterior regions had a 
sagittal cell orientation (Figure 2c; Table 1). Transverse fibroblast orientation in sutured 
wounds was present in the anterior and mid regions (Figure 2f; Table 2), although the 
degree of transverse cell orientation varied over the length of the incisions. Again, 
collagen fiber continuity across the wound was associated with transverse fibroblast 
orientation, i.e., pseudo-lamellae were seen in the anterior regions of unsutured wounds, 
and in the anterior and mid regions of sutured wounds. In contrast to earlier time 
intervals, the scar tissue in the mid and posterior regions of unsutured wounds was 
disorganized, with an absence of collagen fiber continuity across the wound (Figure 3). 
Regression analysis revealed a decrease in transverse fibroblast orientation in 
unsutured wound region (IV and) V over time (p<0.05) (Table 1). In contrast, sutured 
wounds showed an increase in transverse fibroblast orientation in regions I to III (and IV) 
over time (p<0.05) (Table 2). 
Discussion 
In corneal transplant (sutured) wounds, initial fibroblast orientation parallel to the 
wound has been documented to result in eventual transverse, i.e. pseudo-lamellar scar 
tissue organization13. In keratotomy (unsutured) wounds, fibroblast orientation (and 
collagen fiber deposition) parallel to the epithelial plug was found to be associated with an 
ineffective scar tissue organization parallel to the wound.1"12·14 Further analysis of 
unsutured wounds in humans and monkeys, revealed a regional variation in healing over 
wound depth; anterior regions showed recovery of pseudo-lamellar continuity across the 
wound, whereas the mid-posterior regions were found to be disorganized.12 Because 
unsutured incisions have epithelial plug remnants, a relatively low tensile strength, and a 
non-transparent slit-lamp appearance, keratotomy wound healing has clinically been 
interpreted as "delayed".1·2 
In the current study, unsutured and sutured monkey wounds were analyzed by 
light and transmission electron microscopy, to study early phases in healing, and to 
explain the establishment of regional variation in healing over keratotomy wound depth. 
In early unsutured wounds, complete elimination of the epithelial plug appeared to be 
associated with transverse fibroblast orientation over the entire wound depth. In contrast, 
early sutured wounds showed a lack of scar tissue organization with fibroblast orientation 
sagittal to the wound (Figures 2a and 2d). Since orientation of fibroblasts generally 
reflected orientation of collagen fiber deposition,12·14 cell orientation reflected the direction 
of repair and the potential recovery of corneal integrity.17 Our findings therefore indicate 
that unsutured wounds obtain a more advanced healing morphology than sutured wounds 
at early postoperative time intervals (Tables 1 and 2). 
In subsequent phases of healing, the approximation toward lamellar restoration in 
the unsutured wounds appeared to deteriorate.14 Fibroblasts that had a transverse 
orientation, showed progressive re-alignment sagittal to the wound, from the posterior 
toward the anterior scar (Figures 2a-c). Cell re-orientation appeared concomitant with a 
breakdown of newly deposited pseudo-lamellae across the unsutured wound (Figure 3). 
During the same period, initially disorganized sutured wounds obtained a recovery of 
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Figure 3: In the mid portion of an unsutured wound б weeks after surgery, a transition zone is visible between 
transversely (T) and sagittally (S) oriented scar tissue. Transverse scar tíssue is characterized by fibroblast 
orientation across the wound and the presence of pseudo-lamellae, i.e., bundles of collagen fibers (arrows) that 
connect with isodirected fibers of lamellae at both of the wound edges (WE). In the sagittal scar tissue, both 
fibroblasts and collagen fibers are oriented parallel to the wound (Bar = 5 μηι). 
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lamellar continuity across the wound, progressing from the anterior to posterior scar 
(Figures 2d-f). These changes indicate that early corneal wound remodeling in monkeys is 
established in opposite directions when unsutured and sutured wounds are compared 
(Tables 1 and 2). 
Apparent faster healing of unsutured wounds in the early postoperative periods 
may have resulted from the presence of unsutured and sutured wounds within the same 
cornea, or from intrinsic corneal wound healing characteristics that are not related to our 
model. Unsutured wounds generally show delayed healing as compared to sutured 
wounds.'·3 Gaping may interfere with unsutured wound repair by subjecting the anterior 
wound to variations in intraocular pressure, eyelid movement, and/or tissue contraction at 
the wound edges. Although unsutured wounds may have gaped even more due to tissue 
compression in adjacent sutured wounds, it is unclear how this may have contributed to 
better wound restoration early in the postoperative period. The inflammatory reaction may 
have had an effect on both types of wounds within the same comea, because of their close 
vicinity (Figure 1). In a recent studies3·14 unsutured wounds appeared to heal faster in 
corneas containing adjacent sutured wounds. In those studies, the unsutured wounds 2.5 
months after surgery, showed a sagittal scar tissue organization similar to control wounds 
in corneas without sutures at longer postoperative time intervals. The similarity in the 
morphology of late unsutured wounds in our previous and the present study, may indicate 
that the healing process of unsutured wounds in our model was not significantly altered by 
the adjacent sutured wounds. 
In both types of wounds, the healing process was characterized by a biphasic 
fibroblast reaction, i.e., cell orientation changed from one direction to another. Several 
factors have been documented to potentially regulate fibroblast orientation, such as 
(chemo)taxis (alignment over a gradient), contact guidance (alignment along tissue 
structures), and stress distribution within the tissue (alignment to predominant stress 
forces).18 The changes in fibroblast orientation therefore suggest that at least two different 
cell-directive mechanisms affect cell orientation during the healing of corneal wounds. In 
early phases, fibroblasts appeared to align to the wound edges (sagittal) in sutured 
wounds, and to the inferior border of the epithelial plug (transverse) in unsutured 
wounds.12 Contact guidance may therefore be an important cell directive factor in the 
early phases of healing in both types of wounds.8·12'18·19 
But what factor(s) initiated cell re-orientation over a 90 degree angle in subsequent 
phases of healing, which resulted in a transverse cell orientation across sutured 
wounds,2·20 and a sagittal cell orientation in (mid-posterior) unsutured wounds? 
Apparently, the new cell-directive factor overruled the initial factor. In rabbit and cat 
models, re-orientation of fibroblasts has been documented415·16 in non-perforating and 
perforating unsutured wounds. It was hypothesized that stress fiber orientation (and 
associated fibroblast orientation) may change from a transverse into a longitudinal 
orientation to the wound, because the stress induced by the intraocular pressure may be 
re-distributed along the wound edges after wound contraction.16 However, this theory may 
not explain cell re-orientation in sutured wounds. If the sutures eliminate the tangential 
forces across the (radial) wound, the eventual transverse scar tissue organization can not 
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be induced by stress forces across the wound. Therefore, it is unclear what factors are 
responsible for cell re-orientation during corneal wound healing. Early epithelial ingrowth 
seemed to reverse the biphasic fibroblast reaction. However, cell re-orientation in both 
types of wounds may have resulted from different mechanisms. 
Our study suggests that the initial approximation toward pseudo-lamellar wound 
repair and subsequent scar disorganization represent normal healing phases or 
characteristics of unsutured wounds.14"16 Scar tissue organization sagittal to the (mid-
posterior) wound, may then represent a final healing phase of unsutured wounds, and not 
an intermediate phase in an ongoing process toward recovery of lamellar continuity as 
seen in sutured wounds. In contrast to near anatomical repair of long-term unsutured 
wounds in rabbits,9 the ineffective, long-term unsutured wound healing morphology in 
monkeys resembles that in humans.12 If healing in monkeys is representative of that in 
humans, abnormal keratotomy wound healing morphology may not be "delayed", as it is 
interpreted clinically. Instead, a different type of healing or tissue regeneration may 
develop, possibly induced by the initial presence of epithelium in unsutured wounds. This 
may explain the presence of regional variation in healing of unsutured corneal wounds.12 
To our knowledge, regional variation in healing over the depth of sutured wounds has not 
been previously described. 
In contrast to humans, the epithelial plug is expelled rapidly form the unsutured 
wound in monkeys, especially when sutures are present in adjacent wounds.14 Faster 
stromal wound closure may be due to a species difference, an age difference, or a lack of 
steroid therapy. However, underneath persistent superficial epithelial plugs in human 
radial keratotomy wounds, an asymmetry of the stromal scar architecture was found, 
similar to that of unsutured wounds in monkeys.12 At the inferior border of the plug, 
pseudo-lamellar repair was seen between the wound edges, whereas collagen deposition in 
deeper scar regions was disorganized (chapter 4.3). Since the initial pseudo-lamellar 
repair may result in recovery of tensile strength across the wound,17 subsequent 
ineffective remodeling may be expected to cause a progressive weakening of the wound,21 
and more corneal flattening. Because wound healing varies among incisions within the 
same comea and among individuals,312 variable degrees of weakening of the wounds may 
partially explain unpredictability of refractive outcome and/or progression in effect after 
radial keratotomy surgery. 
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5.3 - Immunohistochemical analysis of unsutured 
and adjacent sutured corneal wound healing. 
Gerrit R.J. Melles, Ninnala SundarRaj, Репу S. Binder, 
Marcel M. van der Weiden, Robert H.J. Wijdh, 
W. Houdijn Beekhuis and Janet A. Anderson 
Abstract 
Purpose. To determine how epithelial ingrowth affects the organization of the stromal scar 
in unsutured, compared to sutured corneal wounds. 
Methods. Immunostaining patterns for fibronectin, type III, type VI and type VII collagen, 
keratan sulfate, and intermediate filament-associated fetal antigen in fibroblasts (IFAP 
130), were compared in unsutured and adjacent sutured keratotomy wounds in monkeys, 2 
to 9 weeks after surgery. 
Results. At 2-4 weeks, fibronectin, type III and type VI collagen showed a lamellar 
interweaving pattern across unsutured wounds, that was absent in sutured wounds. Type 
VII collagen was detected along the entire depth of unsutured wounds, but not in sutured 
wounds. Fibroblasts in both types of wounds expressed IFAP 130, but staining was more 
pronounced in sutured wounds. At 5-9 weeks, expression for IFAP 130 showed cellular 
re-activation, that was concomitant with a loss of lamellar interweaving with fibronectin, 
type HI and type VI collagen across unsutured wounds, proceeding from posterior to 
anterior. In sutured wounds, lamellar interweaving was established from anterior to 
posterior. At all postoperative times, unsutured and sutured wounds showed minimal 
staining for keratan sulfate in the anterior scar. 
Conclusions. Type VII collagen throughout the stromal scar indicated the former presence 
of epithelium within unsutured wounds. The distribution of fibronectin, type III and type 
VI collagen and IFAP 130 suggested that sutured wounds initially heal more slowly, but 
obtain lamellar continuity over time. In contrast, early near anatomical repair and 
subsequent ineffective remodeling characterized the healing of unsutured wounds, which 
may have resulted from early epithelial ingrowth. 
Keywords: cornea, sutured wounds, unsutured wounds, wound healing, fibronectin, 
collagen, keratan sulfate, intermediate filament, epithelium 
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and the Department of Pathological Anatomy, Erasmus University and the Eye Hospital, Rotterdam, 
The Netherlands. 
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Introduction 
Clinical and laboratory studies of corneal wounds1"3 have shown incomplete healing 
of unsutured wounds, whereas sutured wounds appear to regain near normal restoration 
over time. This finding suggests that lack of wound apposition and concomitant epithelial 
ingrowth in early phases of unsutured wound healing, changes the stromal healing 
response.1,3 To what extent stromal repair is altered by the presence of an epithelial plug 
may be elucidated by comparing healing of unsutured with that of sutured wounds. 
After wounding, fibronectin originating from the tear film binds to the exposed 
stromal surface(s) and cell membranes, to provide a temporary scaffolding for epithelial 
migration and adhesion, prior to formation of a basement membrane over the wound 
edges.4"9 In later phases of healing, fibronectin may be produced by fibroblasts,6·9 and the 
fibronectin matrix may modulate scar tissue organization.9"12 Fibronectin within the wound 
may therefore reflect the interaction of both epithelial and stromal cells with the their 
surrounding matrix. 
Keratan sulfate proteoglycan (KSPG) may have a role in corneal transparency and 
hydration, by its water binding and collagen spacing properties.13,14 In early phases of 
healing, a reduced level of KSPG may be concurrent with opacification and excess 
hydration of the scar. In later phases of healing, near anatomical levels of KSPG may be 
concurrent with restoration of transparency and normal hydration.13·15·1* The distribution 
of KSPG may therefore reflect the degree of wound restoration, and may add to our 
understanding of how the extracellular matrix is organized within the scar. 
Although conflicting reports have described its presence or absence in the adult 
corneal stroma,5·17"21 type III collagen may be present in the fetal and regenerating 
cornea.22"24 By its interaction with fibronectin and type I collagen, type III collagen may 
have a role in controlling early fibrillogenesis.19,25 The expression of type III collagen 
may therefore reflect the immmaturity of the scar.22 
Type VI collagen may be present as a fine filamentous network in between type I 
collagen fibers to provide mechanical stability by restricting lateral displacement of the 
fibers.26"30 Because proteoglycans are bound to type VI collagen, it may also have a role 
in corneal transparency.26,30 In corneal wounds, type VI collagen may be a measure for 
the regeneration of lamellar continuity across the wound.2' 
As the main component of anchoring fibrils, type VII collagen may reflect 
epithelial adhesion sites to its substratum.31·32 Since type VII collagen is synthesized by 
epithelial cells,33,34 the localization of this antibody may indicate where the epithelium 
previously interacted with the stroma in unsutured wounds.3"5 If so, it may show how the 
epithelial plug was organized prior to its elimination from the (unsutured) wound. 
Intermediate filaments may be involved in cellular and cell-matrix interactions 
during corneal development and wounding.35 Following wounding, fibroblasts express an 
intermediate filament-associated fetal antigen (IFAP 130),35 that is not detected in 
quiescent cells. IFAP 130 may therefore be used to identify activated fibroblasts, and to 
compare duration of their activated condition in healing wounds.4·5 
To determine how the (former) presence of an epithelial plug affects the stromal 
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healing response, unsutured and sutured 
keratotomy wounds were analyzed by 
immunolabeling for fibronectin, type III, 
type VI and type VII collagen, keratan 
sulfate and IFAP 130. 
Materials and methods 
Surgical procedures have been 
described in chapter 5.2. In short, seven 
monkeys underwent a bilateral, six 
incision RK procedure; three semi-radial 
uphill incisions were placed in each half 
of the cornea (Figure la). Incisions at 
1:30, and 7:30 o'clock in the right eye, 
at 4:30, and 10:30 o'clock in the left eye 
were sutured with two interrupted 10-0 
nylon sutures on a four wire needle 
(Alcon monofilament Nylon, Gorinchem, 
NL). At various postoperative time 
intervals, incisions at 12:00, and 9:00 
o'clock in the right eye, at 6:00, and 
9:00 o'clock in the left eye were 
reopened and closed with two interrupted sutures (Figure lb). At the end of each 
operation, 0.5 cc gentamicin-sulphate (Garamycin 40 mg/ml, Schering-Plough, Weesp, 
NL) was injected sub-conjunctivally. 
Monkeys were terminated 2, 3, 4, 5, 6, 7, or 9 weeks after the primary surgery, 
using an overdose of intravenous pentobarbital-Na (Euthesate 200 mg/ml, Apharma, 
Amhem, NL). Eyes were enucleated and sutures were removed from tissue designated for 
cryostat sectioning. Corneo-scleral rims with a suture identifying the 12 o'clock meridian 
of the scleral flap, were obtained by incising the sclera for 360° anterior to the equator 
leaving a 3 mm scleral rim, and gently removing the anterior uveal tissue. With a razor 
blade knife, corneas were cut in half perpendicularly to the incisions at 1:30, and 7:30 
o'clock in the right eye, to those at 4:30, and 10:30 o'clock in the left eye (Figure lb). 
Superior-nasal corneal halves of the right eyes, and inferior-temporal halves of the 
left eyes were processed for light (LM) and transmission electron microscopy (ТЕМ) 
(chapter 5; 2). Inferior-temporal corneal halves from the right eyes, and superior-nasal 
halves from the left eyes intended for histochemical analysis (Figure lb) were stored 
frozen at -70 °C. Cryostat sections (5-6 /tin), obtained at six different portions of the 
incisions, were transferred to glass slides and immunoreacted with specific antibodies at 
appropriate dilutions using an indirect fluorescein isothiocyanate (FITC)-conjugated 
antibody technique.5 Tissue sections on the slides were reacted successively with 5% heat-
inactivated rabbit serum in phosphate-buffered saline for 45 minutes, the appropriate 
antibody (10 μΐη/mL) in 5% heat-inactivated rabbit serum for 45 minutes, and FITC-
OD OS 
Figure J: Keratotomy and suture patterns 
performed in 14 monkey corneas (a). Frozen 
corneal halves designated for immunostaining (b, 
nonshaded halves). Astricks indicate the unsutured 
and sutured wounds evaluated by immunostaining; 
data on reopened and sutured wounds (arrowheads) 
were not included in this study. 
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conjugated rabbit antimouse IgG (preabsorbed with human corneal tissue) at a 1:20 
dilution in 5% heat-inactivated rabbit serum for 45 minutes. The sections were washed 
three times with phosphate-buffered saline between each of the above treatments. 
Preabsorbtion of the FITC-conjugated second antibody was performed by incubating the 
antibody with the insoluble fraction of a homogenate of pulverized corneal tissue, at 4 °C 
for 24 hours. After centrifugation at 10,000g for 30 minutes, the supernatant (i.e. the 
soluble fraction) was used for immunostaining. This preabsorption reduced the non­
specific binding of FITC to the tissue. The stained sections were mounted in glycerin-
gelatin and examined and photographed with a photomicroscope (Vanox, Olympus Optical 
Co Ltd, Tokyo, Japan) with fluorescence attachments and epifluorescence objectives. 
Staining patterns were evaluated by three of the authors (GM, NS, MW) (Tables 1 and 
2). Fluorescence levels in all wounds were graded from absent (minus), to faint (plus-
minus), to present (1 plus), to brilliant (2 plus). 
Two unsutured and two sutured wounds in the frozen halves from both eyes of the 
same animal (Figure lb) were evaluated for each postoperative time interval, i.e., one 
animal was terminated at 2, 3, 4, 5, 6, 7 and 9 weeks after the primary surgery. The 
following antibodies were used (Tables 1 and 2): (1) antifibronectin (polyclonal, CLB, 
Amsterdam, NL), (2) antikeratan sulfate monoclonal antibody J10,4·5,36 (3) antitype III 
collagen monoclonal antibody 715, directed against the bacterial collagenase-resistant 
region of type Ш collagen,5,37 (4) antitype VI collagen (Telios Pharmaceuticals, Inc., San 
Diego, CA), (5) antitype VII collagen,33·38 (Antitype VII collagen was a gift from J.C.R. 
Jones, Ph.D., Northwestern University, Chicago, IL), and (6) antibody M12, directed 
against intermediate filament-associated antigen (IFAP 130).4·5·35 The analysis of reopened 
and sutured wounds (Figure lb) was not included in this report (see chapter 6). 
Results 
A total of 14 unsutured and 14 sutured wounds (Figure lb) was evaluated after 
immunolabeling for fibronectin, keratan sulfate, type III, type VI and type VII collagen, 
and fibroblast intermediate filament-associated antigen (IFAP 130), at weekly intervals 
from 2 to 9 weeks after surgery (Figures 2 to 4; Tables 1 and 2). Staining patterns in 
sutured and unsutured wounds appeared to be comparable among mate eyes; no 
differences in staining were found between wounds in the inferior-temporal corneal half 
of the right eye, and the superior-nasal half of the left eye (Figure lb). 
Two, three and four weeks 
Brilliant staining for fibronectin was present over the full depth of both types of 
wounds, in a "V-shaped pattern (Figures 2a and 2i). In unsutured wounds, a dense, 
fibrillar-like fluorescence was seen across the entire wound; lamellae of opposing wound 
edges appeared to interweave (Figure 2a). In sutured wounds, lamellar interweaving was 
absent; fibronectin was lining the opposing stromal wound edges and the scar was seen as 
a discontinuity of stromal lamellae (Figure 2i). 
A diffuse staining for keratan sulfate was seen throughout the unwounded stroma. 
Unsutured and sutured wounds were seen as dark areas with minimal staining in between 
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Figure 2: Immunofluorescence staining of an unsutured (α-h) and a sutured (i-p) wound, 3 weeks postoperative: 
fibronectin (a and i), keratan sulfate (b and j), type III collagen (c and k), type VI collagen (d and I), type VII 
collagen (e and m), ¡FAP 130 (f and η), negative control (g and o), and phase contrast photomicrographs for 
histologic orientation (h and p). Note that fibrillar-like staining of fibronectin, type III and type VI collagen in 
unsutured wounds is associated with apparent tissue continuity in phase contrast images. Compare to Figures 3 
and 4 (Bar = 100 цт). 
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Figure 3: Immunofluorescence staining of an unsutured (α-h) and a sutured (i-p) wound, 6 weeks postoperative: 
fibronectin (a and i), keratan sulfate (b and j), type III collagen (c and k), type VI collagen (d and I), type VII 
collagen (e and m), IFAP 130 (f and n), negative control (g and o), and phase contrast photomicrographs for 
histologic orientation (It and p). Note that the posterior, unsutured wound shows less, and the anterior, sutured 
wound more scar tissue organization perpendicular to the wound, as compared to similar types of wounds at 3 
weeks. The area indicated by the arrowheads in "d " is shown at a higher magnification in Figure 5 (Bar = 100 
μτη). 
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the anterior wound edges; no differences in staining patterns were found between both 
types of wounds (Figures 2b and 2j). 
Staining for type III collagen showed a sparse fluorescence across unsutured 
wounds (Figure 2c). In contrast, sutured wounds had a distinct, mottled fluorescence 
along the wound edges in the anterior and mid regions (Figure 2k). A band of non-
fluorescent stroma directly adjacent to the wound, contrasted with diffuse staining in the 
unwounded stroma. 
Type VI collagen showed a very fine, packed, fibrillar-like staining throughout the 
unwounded stroma. Unsutured wounds could hardly be identified, since the fibrillar-like 
staining pattern for type VI collagen was continuous across the wounds (Figure 2d). In 
contrast, sutured wounds were seen as a discontinuity of staining; no fluorescence for 
type VI collagen was present between the wound edges (Figure 21). 
A band of fine punctate staining for type VII collagen was seen over the entire 
scar of unsutured wounds (Figure 2e). This band gradually decreased in width and density 
toward the posterior wound. In sutured wounds, punctate fluorescence was restricted to 
the wound top region (Figure 2m). 
Fibroblasts reacted with IFAP 130 over the entire depth of both types of wounds 
in a "V"-shaped pattern (Figures 2f and 2n). Staining was more intense in sutured 
wounds; fluorescence in unsutured wounds diminished to negligible levels three to four 
weeks after surgery. 
Five and six weeks 
In unsutured wounds, a fibrillar-like staining pattern for fibronectin was seen in 
the anterior and mid regions, whereas a loss of lamellar interweaving with fibronectin was 
seen in the posterior wound region (Figure 3a). In sutured wounds, fibrillar-like staining 
was present across the anterior wound, but the mid and posterior wound regions still 
displayed lamellar discontinuity with fibronectin lining the wound edges (Figure 3i). 
Staining patterns for keratan sulfate appeared to be similar to those at two to four 
weeks (Figures 3b and 3j). Unsutured wounds showed a sparse fluorescence for type ΙΠ 
collagen that was more intense in the mid and posterior regions (Figure 3c). Sutured 
wounds had a sparse, lamellar fluorescence across the wound top region, but showed a 
linear staining along the mid and posterior wound edges (Figure 3k). 
Unsutured wounds showed a fibrillar-like fluorescence for type VI collagen across 
the anterior and mid regions, that was absent in between the posterior wound edges 
(Figure 3d). Sutured wounds showed a fibrillar-like staining pattern across the anterior 
region, but absence of staining in the mid and posterior regions (Figures 31). 
Staining patterns for type VII collagen in both types of wounds appeared to be 
similar to those at two weeks, although the punctate staining in unsutured wounds had a 
more scattered appearance with longer postoperative time intervals (Figures 3e and 3m). 
Expression of IFAP 130, that had gradually diminished in fibroblasts with an 
orientation perpendicular to the wound edges in unsutured wounds, re-appeared in 
posterior fibroblasts that showed an apparent re-orientation parallel to these wounds 
(Figures 3f and 5). Fibroblasts in sutured wounds still showed intense staining for IFAP 
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in the mid and posterior regions (Figure 3n). 
Seven and nine weeks 
Staining for fibronectin had diminished in both types of wounds (Figures 4a and 
4i). In unsutured wounds, fibrillar-like staining for fibronectin across the wound was 
restricted to anterior region (Figure 4a). Sutured wounds showed fibrillar staining in the 
anterior and mid regions (Figures 4i). 
Staining patterns for keratan sulfate were similar to those found at earlier time 
intervals (Figures 4b and 4j). Both types of wounds showed a pronounced staining for 
type III collagen lining the wound edges, with a feathered appearance (Figures 4c and 
4k). Unsutured wounds showed discontinuity of staining for type VI collagen over the 
entire wound depth (Figure 4d), whereas a continuous fibrillar-like staining pattern was 
seen across anterior sutured wounds (Figure 41). 
After nine weeks, only a dispersed punctate pattern for type VII collagen was 
present in the anterior and mid regions of unsutured wounds (Figure 4e). In both types of 
wounds IFAP 130 was detectable in the mid and posterior regions (Figures 4f and 4n). 
Discussion 
A previous study4 examining keratotomy wound healing in rabbits using 
immunohistochemical markers, has described the process of epithelial plug elimination, 
with repetitive formation of a basement membrane onto newly deposited scar tissue. A 
return of fibroblasts to a quiescent state coincided with the formation of a continuous 
basement membrane and reduced extracellular matrix (ECM) synthesis. In perforating 
wounds, synthesis of type III collagen was restricted to the posterior wound,22 and that of 
type VI collagen to the anterior and mid wound.26 In keratotomy wounds in cats, the 
orientation of fibrillar fibronectin correlated with that of myofibroblasts, and therefore 
with the hypothetical direction of wound contraction.9·11·'2·3' 
In the current study, immunostaining of unsutured wounds was compared with that 
of sutured wounds, to reveal how the former presence of ectopic epithelium within the 
stroma contributes to unsutured wound healing. Fibronectin was used to identify the 
presence of a protein matrix that may mediate binding of epithelial cells and fibroblasts to 
the ECM.5"12 Keratan sulfate proteoglycan (KSPG) and type III collagen were used to 
determine the maturity of the scar.22 Type VI collagen was used to determine the recovery 
of lamellar continuity across the wound.26·28 Type VII collagen was chosen to localize 
epithelial attachment sites.5·31·33·34 Fibroblast intermediate filament associated antigen 
(IFAP 130) was used to monitor fibroblast activation during healing.4·5·35 
In unsutured and sutured wounds, staining for KSPG was less intense than in the 
surrounding, unwounded stroma. This may agree with the lower than normal 
concentration of KSPG in nonperforating16 and perforating15·40 unsutured wounds in 
rabbits. In the latter wounds, KSPG synthesis was restricted to the anterior wound at two 
weeks, and to the anterior and mid wound at eight weeks after surgery. In our study, 
minimal KSPG deposition appeared to be restricted to the anterior regions of unsutured 
and sutured wounds, at all postoperative time intervals. The reduced levels of KSPG have 
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Figure 4: Immunofluorescence staining of an unsutured (α-h) and a sutured fi-p) wound, 9 weeks postoperative: 
fibronectin (a and i), keratan sulfate (b and j), type III collagen (c and k), type VI collagen (d and I), type VII 
collagen (e and m), ¡FAP 130 (f and η), negative control (g and o), and phase contrast photomicrographs for 
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been suggested to result from different 
oxygenation in scar than in normal 
tissue,1441 or less biochemical detection 
of the altered, less sulfated KSPG 
molecule.42 Hence, the relative weak 
staining for KSGP in both unsutured and 
sutured wounds may suggest that KSPG 
synthesis is incomplete and without much 
variation at early postoperative time 
intervals, in both types of wounds. 
Unsutured wounds had type VII 
collagen trailing over the full depth of 
the wound, whereas it was present only 
in the top region of sutured wounds. 
With the assumption that type VII 
collagen is of epithelial origin and 
synthesized at the epithelial-stromal 
interface,4·5·31·33·34 the presence of type 
VII collagen within the scar may be 
indicative of the former presence of 
epithelium within these wounds.45 Since 
type VII collagen may be synthesized 
during34 or after33 formation of 
hemidesmosomes and a basement 
membrane, our observations may suggest 
that an epithelial adhesion complex is 
laid down after epithelial ingrowth in 
unsutured wounds, and that anchoring 
fibrils remain temporarily within the scar 
after complete elimination of the epithelial plug. Since expression of IFAP 130 by 
fibroblasts may reflect cellular activation,35 a gradual decrease in IFAP 130 over the 
depth of unsutured wounds may indicate that fibroblastic activity was higher toward the 
anterior wound region. This again agreed with progression in healing from the bottom to 
the top of the incision with concurrent elimination of the epithelial plug, and more scar 
tissue deposition in the anterior than in the posterior wound.1 However, this hypothesis 
does not explain a similar "V"-shaped distribution for IFAP 130 over the depth of sutured 
wounds, in which healing may be expected to start simultaneously at all stromal regions. 
These findings may suggest that fibroblast activation differs among healing stromal 
regions, irrespective of the former presence of an epithelial plug. 
The distribution patterns of fibronectin, type III and type VI collagen suggested a 
different scar tissue organization in unsutured than in sutured wound, and a change in 
organization in each type of wound over time. In early phases of healing, unsutured 
wounds showed a fibrillar interweaving with fibronectin, type III and type VI collagen 
Figure 5: Immunofluorescence staining of the mid-
posterior region of an unsutured wound, 6 weeks 
postoperative. Posterior fibroblasts, that appear to 
reorient (R) from a perpendicular (PER) to a 
parallel (PAR) orientation to the wound, show 
positive staining for IFAP 130. This may suggest re­
activation of these fibroblasts, since the cells were 
found to be quiescent at 3 to 4 weeks after surgery 
(Bar = 10 μηι). 






Type ΙΠ collagen 
Type VI collagen 
Type VII collagen 
Table 1 - IMMUNOSTAINING PATTERNS IN UNSUTURED WOUNDS 
2 to 4 
fibrillar across 
the entire wound 
minimal, diffuse in 
the anterior wound 
sparse across 
the entire wound 
fibrillar, continuous with 
the unwounded stroma 
throughout the wound 
dense, punctate 
S and 6 
fibrillar across the 
anterior and mid wound, 
linear along the 
posterior wound edges 
minimal, diffuse in 
the anterior wound 
more intense in 
the mid wound 
fibrillar, continuous 
across the anterior and 
mid wound, absent from 
(he posterior wound 
sparse, punctate 
7 and 9 
diminished 
minimal, diffuse in 
the anterior wound 
feathered appearance 
along the wound edges 
absent from 
the entire wound 
dispersed, punctate 
IFAP 130 minimal expression expression in the mid 
and posterior wound 
expression in the mid 
and posterior wound 
across the entire wound. In contrast, sutured wounds were seen as a stromal disruption. 
Fibronectin and type ΓΠ collagen were deposited along the wound edges and type VI 
collagen was absent from the wounds. The distribution patterns of these ECM molecules 
may therefore indicate that unsutured wounds obtain an approximation toward anatomical 
repair at early postoperative time intervals, compared to incomplete repair in sutured 
wounds. 
In later phases of healing, a loss of fibrillar interweaving with fibronectin, type III 
and type VI collagen was seen in the posterior regions of unsutured wounds. In contrast, 
sutured wounds showed the establishment of fibrillar interweaving with fibronectin, type 
ΠΙ and type VI collagen across the anterior wound regions. Therefore, the change in 
ECM distribution over time may suggest a loss of the initial near anatomical organization 
of the ECM in unsutured wounds, from the posterior to anterior regions; and an 
approximation toward normal ECM distribution in sutured wounds progressing from the 
anterior to posterior regions. 






Type III collagen 
Type VI collagen 
Type П collagen 
IFAP 130 
Table 2 - IMMUNOSTAINING PATTERNS IN SUTURED WOUNDS 
2 t o 4 
linear along 
the wound edges 
minimal, diffuse in 
the anterior wound 
dense, mottled 
the between wound 
edges 
absent from 
the entire wound 
punctate, restricted 
to the wound top 
expression over 
the entire wound 
5 and 6 
fibrillar across the 
anterior wound, linear 
along the mid and 
posterior wound edges 
minimal, diffuse in 
the anterior wound 
sparse across the 
the anterior wound, 
linear along the mid and 
posterior wound edges 
fibrillar, continuous 
across the anterior 
wound, absent from the 
mid and posterior wound 
punctate, restricted 
to the wound top 
expression in the mid 
and posterior wound 
7 and 9 
diminished 
minimal, diffuse in 
the anterior wound 
feathered appearance 
along the wound edges 
fibrillar, continuous 
across the anterior 
wound, absent from the 
mid and posterior wound 
punctate, restricted 
to the wound top 
expression in the mid 
and posterior wound 
The change in ECM distribution appeared to be closely associated with the 
patterns of fibroblast orientation observed in the complementory corneal halves, that were 
evaluated with light and transmission electron microscopy.43 In unsutured wounds, an 
initial fibroblast orientation perpendicular to the wound (edges) was followed by a re­
orientation of posterior fibroblasts parallel to the wound. During cell re-orientation, the 
cells appeared to become re-activated (Figure 5), after they had obtained a quiescent 
appearance as early as three weeks after surgery. In sutured wounds, fibroblasts with an 
overall orientation parallel to the wound, showed a highly activated condition up to nine 
weeks after surgery. In late phases of healing, the cells in the anterior and mid regions 
showed less activation and an orientation perpendicular to the wound. Since fibroblast 
orientation reflected ultrastructural collagen fiber orientation,44 the re-orientation of the 
cells resulted in a progressive loss of collagen fiber continuity across unsutured wounds, 
and the establishment of fiber continuity in sutured wounds (see chapter 5.2).43 
Therefore, the distribution patterns of fibronectin, type III and type VI collagen 
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and IFAP 130, as well as the biphasic patterns of fibroblast orientation, may suggest that 
healing in unsutured and sutured wounds varies over wound depth, and that it is 
established in opposite directions. Early unsutured wounds may obtain a more advanced 
wound repair compared to sutured wounds, that is followed by ineffective wound 
remodeling from the posterior to anterior regions. In sutured wounds, effective wound 
repair may be established from the anterior to posterior regions, after a relative long 
period of scar tissue disorganization. These observations suggest that the temporary 
presence of an epithelial plug within an unsutured wound induces a different stromal 
healing response, that results in an eventual ineffective wound repair. 
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CHAPTER б - HEALING MORPHOLOGY OF 
REOPENED-AND-SUTURED CORNEAL WOUNDS 
Healing of reopened-and-sutured radial keratotomy wounds 
Gerrit R.J. Melles, Perry S. Binder, W. Houdijn Beekhuis, 
Robert H J . Wijdh and Frank J.R. Rietveld 
Abstract 
Purpose. To evaluate healing in reopened-and-sutured (RAS) keratotomy wounds, to 
determine the efficacy of reoperations in the treatment of overcorrections after radial 
keratotomy. 
Methods. Stromal scar tissue organization (transverse fibroblast orientation and collagen 
fiber continuity across the wound) in RAS wounds was compared to that of sutured and 
unsutured control wounds within the same monkey corneas, 1 to 9 weeks after surgery, 
using light and transmission electron microscopy. 
Results. Wound healing morphology of RAS wounds varied with the time interval between 
reoperation and termination of the experiment. Scar tissue organization was sagittal at 
one week after reoperation, transverse in the anterior and mid regions after four weeks, 
and transverse over the entire wound after nine weeL·. Sutured wounds showed a similar 
pattern of healing, although transverse scar tissue organization was restricted to the 
anterior and mid regions in the late healing phases. In contrast, unsutured wounds 
showed a temporary, transverse scar tissue organization over the entire wound depth at 2 
to 4 weeks after surgery, and a progressive re-orientation of the mid and posterior scar 
tissue sagittal to the wound at later time intervals. 
Conclusions. In our model with RAS, sutured and unsutured wounds within the same 
cornea, RAS wounds healed like sutured wounds, although recovery of lamellar continuity 
across the wound was established faster in RAS wounds. In contrast, unsutured wounds 
showed an initial lamellar repair that was followed by ineffective remodeling of the scar. 
Reopening and suturing of keratotomy incisions for treatment of overcorrections after 
radial keratotomy, may be effective through a myopic shift induced by sutured wound 
apposition and long-term wound remodeling and/or contraction. 
Keywords: cornea, radial keratotomy, reoperation, wound healing, sutured wounds, 
unsutured wounds, stroma 
From the Department of Ophthalmology and the Department of Pathology, University of Nijmegen, 
The Netherlands; the National Vision Research Institute, San Diego, U.S.A.; and the Eye Hospital, 
Rotterdam, The Netherlands. 
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Introduction 
Incomplete corneal wound healing after radial keratotomy (RK) is one of the 
factors responsible for unpredictability of refractive outcome.1"3 To anticipate on the effect 
of wound healing after RK, a deliberate postoperative overcorrection is obtained to 
balance the regression in refractive effect due to healing. The regression varies among 
individuals, and insufficient wound healing may result in overcorrection.3 Long-term 
remodeling of the wounds is believed to relate to the progression in effect in hyperopic 
direction, which may also cause overcorrection.4 
To manage overcorrections, non-surgical methods have been evaluated, such as 
prescribtion of spectacles and contact lenses,5"7 topical beta blockers,8·' and 
pilocarpine.10·11 Surgical correction may be obtained by the placement of circular, purse-
string suture(s), to steepen the central comea.1214 Alternatively, the incisions are 
reopened, the epithelium is removed from the wound, and the incisions are closed with 
interrupted sutures.15'* For larger corrections, a combination of both suture-techniques 
has been advocated.17·18 
To our knowledge, it is unknown how reopening and suturing of keratotomy 
incisions affect wound healing. In unsutured wounds, the scar may be ineffectively 
organized, whereas in sutured wounds lamellar continuity may be obtained over time.119"21 
If reopened-and-sutured (RAS) wounds continue to heal like unsutured wounds, the 
corneal curvature may be steepened only by sutured wound apposition, i.e., reduced 
wound gaping.22 However, if RAS wounds heal like sutured wounds, corneal steepening 
may also result from a more effective wound repair, with a better recovery of corneal 
integrity. 
To evaluate the efficacy of reoperations, wound healing morphology of RAS 
keratotomy wounds was compared to that of unsutured and sutured control wounds within 
the same comea, using light and transmission electron microscopy. 
Materials and methods 
Surgical procedures have been described in chapter 5.2. In short, nine monkeys 
underwent a bilateral, six incision RK procedure; three semi-radial incisions were placed 
in each half of the cornea. Incisions at 1:30, and 7:30 o'clock in the right eye, at 4:30, 
and 10:30 o'clock in the left eye were closed with two interrupted 10-0 nylon sutures 
(Figure la) (Alcon monofilament Nylon, Gorinchem, NL). The knots were burned. At 
various postoperative time intervals, incisions at 12:00, and 9:00 o'clock in the right eye, 
at 6:00, and 9:00 o'clock in the left eye were reopened by moving one tip of a fine 
forceps gently through the wound. The (remainder of) epithelial ingrowth was gently 
expelled, and the wounds were irrigated with BSS. These incisions were than closed with 
two interrupted sutures (Figure lb). The time interval between the initial RK procedure 
and the secondary operation was one week for monkeys 1, 2 and 5; two weeks for 
monkey 3; three weeks for monkeys 4, 7 and 9; and five weeks for monkeys 6 and 8 
(Figure 2). At the end of each operation, 0.5 cc gentamicin-sulphate (Garamycin 40 
mg/ml, Schering-Plough, Weesp, NL) was injected subconjunctival^. 
One animal was terminated 1, 2, 3, 4, 5, 6, 7, 9 and 12 weeks after the primary 
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surgery (Figure 2), using ал overdose of 
intravenous pentobarbital-Na (Euthesate 
200 mg/ml, Apharma, Amhem, NL). 
The eyes were enucleated and corneo­
scleral rims with a suture identifying the 
12 o'clock position, were obtained by 
incising the sclera for 360° anterior to 
the equator leaving a 3 mm scleral rim. 
With a razor blade knife, corneas were 
cut in half perpendicularly to the 
incisions at 1:30, and 7:30 o'clock in the 
right eye, to those at 4:30, and 10:30 
o'clock in the left eye (Figure lb). 
Superior-nasal corneal halves of 
the right eye, and inferior-temporal 
halves of the left eye, intended for light 
(LM) and transmission electron 
microscopy (ТЕМ), were fixed in 2.5% 
glutaraldehyde 12% paraformaldehyde in 
0.1 μπιοΙ/L cacodylate buffer (pH 7.3, 
340 mOsm), and post-fixed in 2% 
osmium tetroxide in 0.1 цтоІ/L 
cacodylate buffer for one hour. 
Specimens were then dehydrated in a 
graded series of ethanol followed by 
intermediate changes of propylene oxide 
and embedded in epoxy resin (Poly bed 
Epon 812, Polysciences, Warmington, 
PA). Ultrathin sections of one unsutured, 
one sutured, and one reopened-and-
sutured (RAS) wound of each monkey were placed on slot grids, that were coated with a 
Formvar film (1% Formvar ethylene dichloride, Balzers Union Aktien Gesellschaft, 
Balzers, Lichtenstein) to allow evaluation of the entire wound in the same section, using a 
transmission electron microscope at 60 kV (JEM-1200 EX electron microscope, Joel Ltd., 
Tokyo, Japan). Inferior-temporal corneal halves from the right eye, and superior-nasal 
halves from the left eye were frozen for immunohistochemical analysis (Figure lb). 
Wound healing was evaluated in 18 unsutured, 18 sutured, and 18 RAS wounds; 
two unsutured, two sutured, and two RAS wounds from both eyes of the same animal 
were evaluated for each postoperative time interval (Figure lb and 2). Each incision was 
divided into a central, mid and peripheral portion (Figure lc), and one micron sections 
were cut perpendicularly to each incision portion. Sections were stained with toluidine 
blue O, and photographed at 150x magnification (Olympus Vanox light-microscope, 
Olympus Optical Co LTD, Tokyo, Japan). In photomicrographs printed at 250x, the 
OD OS 
Figure 1: Keratotomy and suture patterns 
performed in 18 monkey corneas (a). Corneal 
halves designated for light microscopy (b, 
nonshaded halves) contained incisions that were 
sectioned the central (c), mid (m), and peripheral 
(p) portions (c). Astricks indicate the reopened and 
sutured wounds, and arrowheads the unsutured and 
sutured control wounds. The shaded corneal halves 
have been used for immunohistochemistry (¡he). 
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Time schedule of operations 
monkey 2 
monkey 3 — 
monkey β — 
monkey 7 
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r a d i a l k e r a t o m y 
R: Reoperation 
Τ Termination 
dotted line: Interval between RK and reoperation 
solid line: Interval between reoperation and termination 
Figure 2: lime schedule of the intervals after which reopened-and-sutured (RAS), sutured, and unsutured control 
wounds were evaluated. RAS wounds were evaluated after the time interval between reopertion and termination. 
Sutured and unsutured control wounds were evaluated after the time interval between the initial radial 
keratotomy procedure and termination. 
wound area was divided into three equal stromal regions: anterior region I, mid region II, 
and posterior region ΠΙ. Each region containing a part of the wound was evaluated using 
the following parameters: (1) presence of an epithelial plug or intrastromal epithelial 
cells; and (2) fibroblast and collagen fiber orientation within each region (transverse, i.e. 
perpendicular to the wound; or sagittal, i.e. parallel to the wound). 
Results 
Wound healing morphology of 18 reopened and sutured (RAS) keratotomy wounds 
was compared to that of 18 unsutured and 18 sutured control wounds within the same 
monkey corneas (Figure lb). 
In four monkeys (Figure 2), the RAS wounds were allowed to heal for one week 
before termination of the experiment. These wounds showed a dense population of 
fibroblasts with an overall sagittal, i.e., parallel orientation to the wound (Figure 3a; 
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Table 1), irrespective of the time interval between the initial radial keratotomy procedure 
and reoperation (Figure 2). One to three weeks after surgery, sutured wounds showed a 
mild fibroblastic reaction with an overall sagittal cell orientation (Figure 3b; Table 1). 
Unsutured wounds showed an epithelial plug at one week after surgery, and a fibroblast 
orientation transverse, i.e., perpendicular to the wound at two and three weeks (Figure 
3c; Table 1). At an ultrastructural level, all types of wounds showed fibroblasts with 
abundant rough endoplasmatic reticulum and Golgi apparatus, and a disorganized 
extracellular matrix, with sparse deposition of collagen fibers oriented along the axis of 
the fibroblasts. In one RAS wound, an epithelial inclusion "cyst" was seen in the 
posterior scar (Figure 4). Ultrastructurally, the epithelial-stromal interface showed focal 
depositions of an epithelial basement membrane complex, and the cyst was surrounded by 
fibroblasts in a circular array. 
RAS wounds that healed for four weeks in three monkeys (Figure 2) showed less 
cell density and a transverse fibroblast orientation in the anterior and mid regions, 
whereas cell orientation was disorganized in the posterior region (Figure 3d; Table 1). No 
apparent difference in wound healing morphology was observed between wounds with 
different time intervals between the two operations (Figure 2). Four to six weeks after 
surgery, fibroblast orientation in sutured wounds was transverse in the anterior region, 
but sagittal in the mid and posterior regions (Figure 3e; Table 1). In unsutured wounds, 
fibroblast orientation was transverse in the anterior and mid regions, but sagittal in the 
posterior region (Figure 3f; Table 1). At an ultrastructural level, the RAS wound showed 
focal depositions of collagen fiber bundles along the fibroblasts. In sutured and unsutured 
wounds, collagen fiber continuity across the wound was generally present in regions with 
a transverse fibroblast orientation; bundles of collagen fibers that intermingled with 
isodirected fibers of lamellae at both of the wound edges, were seen across the anterior 
region of sutured wounds and the anterior and mid regions of unsutured wounds (Figures 
3e and 3f; Table 1). 
In one monkey, the RAS wounds healed for nine weeks (Figure 2). Both wounds 
showed an overall transverse fibroblast orientation over the entire wound depth (Figure 
3g; Table 1). Seven to twelve weeks after surgery, fibroblast orientation was transverse in 
the anterior and mid regions of sutured wounds (Figure 3h; Table 1). In unsutured 
wound, transverse cell orientation was restricted to the anterior region, whereas the cells 
were disorganized in the mid and posterior regions (Figure 3i; Table 1). Ultrastructurally, 
continuous bundles of collagen fibers across the wound were seen over the entire depth of 
RAS wounds (Figure 5), in the anterior and mid regions of sutured wounds, and in the 
anterior regions of unsutured wounds. 
Because of individual variation in healing among the animals, it was difficult to 
compare RAS wounds at a given postoperative time interval to the control wounds with 
the same time interval, but located in a different animal (Figure 2). Wound healing 
morphology of RAS wounds did better compare to that of adjacent or contralateral 
unsutured and sutured control wounds, despite small differences in postoperative time 
(Figure 3a-i). Due to the higher cell density and considerable variation in fibroblast 
orientation along the length of RAS wounds, cell orientation could not be quantified in a 
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RASW SW USW 
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<— Figure 3: Light microscopic features of reopened-and-sutured (RASW; a,d,g), sutured (SW; b,e,h), and 
unsutured wounds (USW; cf.i) in monkey 2 (a.b.c), monkey 5 (d,ej) and monkey 9 (g.h.i). In the RAS wounds, 
fibroblast orientation is sagittal 1 week after reoperation (a), transverse in the anterior and mid regions after 4 
weeks (d), and transverse over the entire wound depth after 9 weeks (g). The sutured wounds show an initial 
sagittal fibroblast orientation in all regions at 2 weeks (b), and a progressive transverse cell orientation from the 
anterior to posterior regions at S (e) and 12 weeks (h) after surgery. The unsutured wounds show an initial 
transverse cell orientation in all regions at 2 weeks (c), and a progressive sagittal cell orientation from the 
posterior to anterior regions at 5 φ and 12 weeks (i) after surgery [toluidine blue O, original magnification ХІ70 
(a-c). ХІ60 (d-f), αηάχΠΟ (g-i)]. 
reliable format for comparison between the RAS and the control wounds.20·23 
Discussion 
Refractive overcorrections following radial keratotomy (RK) may be treated by 
several surgical procedures. The placement of a single or double purse-string suture(s) has 





 However, the effect of the procedure may be lost over time, and the 
presence of the suture may elict a persistent sterile keratitis.24 Epikeratoplasty and 
penetrating keratoplasty after RK have been described20,25·26 to treat severely overcorrected 
cases often with additional visual complications. Lindquist and coworkers have 
suggested1516 blunt reopening of the incisions, followed by irrigation of the wounds to 
expelí remaining epithelial plugs, and closure of the incisions with 10-0 interrupted 
sutures located over a 7 mm circular mark, centered on the pupil. Although immediate 
corneal steepening may be induced by annuled wound gaping, long-term success of the 
procedure may depend on effective wound repair. Unsutured keratotomy wounds were 
found to have a limited recovery of lamellar continuity across the wound,1,21 that may be 
insufficient for obtaining tensile strength.27·28 To our knowledge, it is unknown whether 
the unsutured wound healing morphology persists in reopened and sutured (RAS) wounds, 
or that these wounds obtain a more effective healing, i.e., a recovery of lamellar 
continuity as is seen in sutured wounds.19·20 
In the current study, the healing of unsutured wounds that were reopened and 
sutured at various time intervals after radial keratotomy surgery, was compared to that of 
unsutured and sutured control wounds within the same monkey corneas (Figures lb and 
2), using light and transmission microscopy. RAS wounds showed an initial scar tissue 
orientation parallel to the stromal wound edges, that was followed by the establishment of 
pseudo-lamellar repair across the wound. This pattern of healing appeared similar to that 
of adjacent sutured (control) wounds.23 In contrast, unsutured wounds showed a temporary 
approximation toward lamellar repair, that was followed by ineffective remodeling of the 
scar.13·29 These observations indicate that, in monkeys, RAS wounds heal like sutured 
wounds (Figure 3; Table 1). 
Apparent faster healing in RAS wounds than in adjacent sutured (control) wounds, 
may agree with the healing of initially sutured an than reopened and resutured wounds in 
a rabbit model.30 Tensile strength was obtained faster in these wounds than in 
contralateral sutured (control) wounds. In unsutured rabbit wounds, the establishment of 
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Table 1 
HEALING MORPHOLOGY IN REOPENED-AND-SUTURED, 
SUTURED, AND UNSUTURED WOUNDS 
Postoperative tune 
(weeks) 











the entire wound 
sparse, disorganized 
collagen deposition 
transverse in the 
anterior and mid wound, 
sagittal in the 
postenor wound 
incomplete collagen 
bundles across the 




the entire wound 
pseudo-lamellar 












the entire wound 
sparse, disorganized 
collagen deposition 
4 t o 6 
3 
SUTURED WOUNDS 
transverse m the 
anterior wound, 
sagittal in the mid 
and postenor wound 
pseudo lamellar 
repair across the 
anterior wound 
7 to 12 
3 
transverse in the 
anterior and mid wound 
pseudo-lamellar 
repair in the 







the entire wound 
sparse, disorganized 
collagen deposition 
transverse in the 
anterior and mid wound, 
sagittal m the 
posterior wound 
pseudo-lamellar 
repair across the 
anterior and mid wound 




to the anterior wound 
lamellar continuity across the wound correlated with the development of wound tensile 
strength.31·32 The presence of pseudo-lamellae over the entire depth of late RAS wounds in 
our study may therefore suggest that these wounds obtain a better recovery of corneal 
integrity than unsutured (control) wounds not subjected to reoperation, because the latter 
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wounds eventually showed only limited 
pseudo-lamellar repair.21·33 
RK achieves its effect through 
wound gaping with a concomitant 
peripheral "bulging" and central 
flattening of the cornea.1 A higher wound 
tensile strength itself in RAS wounds 
may not necessarily imply less peripheral 
bulging and therefore less refractive 
effect,1718 because of incomplete 
apposition of the original wound edges 
due to the interposition of newly 
deposited scar tissue (Figure 5).34 
However, eventual scar tissue 
organization across the wounds may be 
expected to be followed by a contraction 
of the scar in the same direction;35·36 scar 
contraction across the wound may induce 
less peripheral bulging and more central 
corneal steepening. Therefore, if the 
steepening effect of the sutures 
themselves would be lost over time, the 
myopic shift may be sustained by the 
wound healing process in RAS wounds. 
Furthermore, progression in refractive 
effect after RK has been attributed to 
abnormal remodeling of the scar.13 
Apparently, the aberrant unsutured 
wound healing process is interrupted in 
RAS wounds, and subsequent scar remodeling in these wounds may be more likely to 
induce a myopic than a hyperopic refractive shift, as mentioned above. Reoperation may 
therefore, in theory, be effective in the treatment of both primary and secondary 
overcorrections after RK. The variation in healing along the length of the RAS wounds 
may indicate that the amount of regression in refractive effect obtained may be 
unpredictable, and variable with the individual wound healing response.20·21 
The clinical interpretation of our study may be limited by the fact that we do not 
know how unsutured, sutured, and RAS wounds within the same cornea may have altered 
each other's healing. Furthermore, corneal wound healing in monkeys is faster than that 
in humans.20 However, unsutured and sutured wounds with the longest postoperative time 
intervals showed the same wound healing morphology as that of similar types of wounds 
in a previous monkey study2029 and in human keratotomy (unsutured) and corneal 
transplantation (sutured) specimens.20 Reoperation appeared therefore to have had little 
effect on the eventual healing morphology of the unsutured and sutured control wounds in 
Figure 4: Reopened-and-sutured wound 1 week 
after reoperation (monkey 3). An intrastromal 
epithelial inclusion cyst (big arrow) is visible in the 
posterior wound. Fibroblasts (small arrows) appear 
to have oriented along the circumference of the 
cyst, whereas the cells in the anterior and mid 
regions show a sagittal orientation to the wound 
edges (toluidine blue O, original magnification 
x350). 
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Figure 5: Transmission electron microscopy of a reopened-and-sutured wound 9 weeks after reoperation (monkey 
9). In between the gap in Bowman's layer (BL), fibroblasts have a transverse orientation and bundles of collagen 
fibers across the wound (arrows) appear to be continuous with fibers in lamellae at the wound edges. Note that 
the original stromal wound edges, presumably located underneath the gap in Bowman's layer, can not be 
discerned (original magnification x3500). 
the present study. The effect of the unsutured and sutured wounds on the healing of the 
RAS wounds may be of little relevance, since all incisions made during a routine RK 
procedure may be reopened and sutured during reoperation.16 Due to a stronger 
inflammatory reaction elicted by the sutures,19·20·37 and/or a different stress distribution 
throughout the cornea,38 the incisions may clinically also be expected to affect each 
other's healing. 
Although the incisions were thoroughly irrigated after reopening, an intrastromal 
epithelial inclusion "cyst" was seen in one of the RAS wounds (Figure 4). It could not be 
determined whether the inclusion resulted from incomplete removal of the epithelial plug 
or inadvertent implantation of surface epithelial cells during reoperation, but the effect of 
epithelial cells on stromal healing, i.e., fibroblast orientation is noteworthy. Since 
fibroblasts tend to orient along stromal incarcerations,20 epithelial inclusions may disrupt 
the biphasic fibroblast response during scar tissue re-organization. Epithelial interference 
with scar tissue organization was also suggested by the ineffective remodeling of 
unsutured wounds that temporarily contained an epithelial plug.23 Complete removal of 
the epithelium during reoperations may therefore be important for effective stromal 
repair. 
In conclusion, our study suggests that RAS keratotomy wounds heal like sutured 
wounds, although RAS wounds healed faster. Reopening of the incisions with complete 
removal of the epithelium and subsequent sutured wound apposition during a secondary 
operation may induce less refractive effect through annuled wound gaping immediately 
after surgery, and approximation toward recovery of corneal integrity in the long term. 
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Clinical studies will have to show whether the effective histological appearance of RAS 
wounds is correlated with sufficient myopisation for the treatment of overcorrections after 
RK. 
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CHAPTER 7 - GENERAL DISCUSSION AND CONCLUSIONS 
Refactive outcome following radial keratotomy (RK) procedures depends in part 
on incision dimensions (incision number, length and depth, and optical clear zone 
diameter), and long-term wound healing factors.' 
Keratotomy incision dimensions and surgical technique 
Incision depth has been described to be highly variable along the same incision or 
among incisions within the same cornea, when razor blade fragments and an optical 
pachometer were used.2·3 With the use of a micrometer diamond (and razor blade) knife 
and an ultrasonic pachometer, a more consistent incision depth was found.4 In these 
studies, only centrifugal incisions (optical clear zone to limbus) made with the oblique 
blade edge, were evaluated. Since clinical observation suggested that centripetal incisions 
(limbus to optical clear zone) made with the perpendicular blade edge, obtained greater 
refractive effect, we compared both types of incisions in a monkey and human cadaver 
eye model. Centripetal incisions made with the perpendicular blade, obtained greater 
depth than centrifugal incisions made with the oblique blade, in both models (chapters 3.1 
and 3.2). Since centripetal and centrifugal incisions obtained equal depth when the 
perpendicular blade edge was used for both incision directions, it was concluded that the 
perpendicular blade edge was more efficient in incising the corneal stroma than the 
oblique blade edge (chapter 3.2).5·6 
Although centripetal incisions are more effective, a disadvantage of these incisions 
is the risk of entering the optical clear zone at the end of the incision. Centrifugal 
incisions are considered safer, because the cut is made away from the optical clear zone. 
To overcome this dilemma, a bidirectional incision has been advocated (Genesis-, 
Casebeer- or Duotrack-technique).710 After performing a centrifugal incision with the 
oblique blade edge, the incision is deepened and "squared off" at the optical clear zone, 
with the perpendicular blade. Because the latter blade edge has a dull upper part, there is 
a decreased risk of inadvertently entering the optical clear zone while making the 
centripetal re-incision. In clinical series, the bidirectional incision technique was found to 
be as effective as the "single pass" centripetal technique.10 
Different knife actions of the perpendicular and oblique blades was also suggested 
by the incision configuration. The oblique blade edge created a "S" or "J"-shaped 
incision, and left an area uncut adjcent to the optical clear zone. The perpendicular blade 
edge created a straight incision configuration and a smaller optical clear zone in the 
posterior stroma than marked on the corneal surface, i.e., the posterior stroma was 
incised more centrally than the anterior stroma. Since the central portion of the incision 
may have the most effect on corneal curvature change,1113 a smaller posterior optical 
clear zone than intended may be expected to contribute to the greater refractive effect 
obtained with centripetal incisions (chapter 3.2). Recently, the "undercut RK technique" 
has been evaluated,14 that purposely incises the posterior stroma at the edge of the optical 
clear zone while leaving the superficial stroma intact. In human donor eyes, more central 
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corneal flattening was obtained with the undercut technique as compared to the 
bidirectional incision technique.14 
Artificial elevation of the intraocular pressure had little effect on centripetal 
incisions (made with the perpendicular blade), but resulted in deeper centrifugal incisions 
(made with the oblique blade edge). Intraocular pressure variations during surgery may 
therefore affect achieved incision depth of centrifugal,15·16 but not of centripetal incisions 
(chapter 3.2). 
The refractive effect following RK has been found not to change proportionately 
with the number of incisions; the first four of 16 incisions were found to contribute 62% 
to 67%, and the first eight incisions to contribute 85% to 89% to the final corneal 
curvature change in human cadaver eyes.2"4·17 In the same model, we found that 80% of 
the effect of a four-incision RK pattern was obtained with a three-incision RK pattern, 
without creating more astigmatism (chapter 3.3). The latter incision pattern may better 
preserve corneal integrity by a more equal distribution of stromal weakening, i.e., three 
half-weakened meridians instead of two completely weakened meridians. The three-
incision RK pattern may therefore serve as an alternative for the correction of low myopia 
(2 to 3 D), while leaving the possibility of performing a second three-incision procedure, 
to "titrate" toward the desired refractive error change." 
Wound heating 
Keratotomy (unsutured) wound healing has been interpreted as "delayed", because 
the incisions have persistent epithelial plugs, a relative low tensile strength, and a non-
transparent slit-lamp appearance.19 In contrast, corneal transplant (sutured) wounds often 
obtain recovery of corneal integrity over time.20 Unstable wound opposition, aggravated 
by the tendency of the stromal wound edges to gap, diurnal changes in intraocular 
pressure, eye-lid movements, and concomitant epithelial plug formation may affect 
unsutured wound healing. Ineffective repair, i.e. scar tissue orientation parallel to the 
wound, has been suggested21 to result form the initial epithelial ingrowth. The ectopic 
epithelium may serve as a "new corneal surface" within the wound, that induces template-
dependent fibroblasts and subsequent collagen fiber deposition parallel to the wound 
(chapter 5.1). 
However, this hypothesis does not explain regional variation healing over the 
depth of completely healed keratotomy wounds, with pseudo-lamellar repair across the 
wound in the anterior regions, but scar tissue disorganization in the mid and posterior 
regions (chapter 4.2). In keratotomy wounds that still contained an epithelial plug, the 
morphology of the stromal scar was also found to be asymmetrical, with the presence of 
pseudo-lamellae underneath the inferior border of the plug, but a disorganized deeper scar 
tissue (chapter 4.3). These observations suggested that the formation of pseudo-lamellar 
repair was induced by epithelial cells of the surface epithelium or the epithelial plug 
respectively. 
Because pseudo-lamellae consist of collagen fibers, and the fibers are deposited 
along the axis of the fibroblast(s), recognition of the cell-directive factors responsible for 
fibroblast orientation seems mandatory to explain the asymmetry of the scar in keratotomy 
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wounds. The orientation of fibroblasts along the borders of an epithelial plug in unsutured 
wounds, and parallel to the wound edges in sutured wounds, may indicate that cell-
guidance (cell alignment along tissue structures) is an early cell-directive factor in stromal 
healing (chapters 4.3, 5.1 and 5.2). However, although cell guidance may contribute to 
different cell orientation over keratotomy wound depth, this factor may not solely explain 
the development of an asymmetrical architecture of the scar. The results of our monkey 
studies suggest that asymmetry of the scar also relates to fibroblast re-orientation during 
early phases of healing. In unsutured wounds, an initial approximation toward lamellar 
repair was followed by a re-orientation of scar tissue parallel to the wound. In contrast, 
sutured wounds showed and early scar tissue orientation parallel to the wound, followed 
by the establishment of pseudo-lamellar repair (chapters 4.1, 5.2 and 5.3). In unsutured 
wounds, ineffective remodeling progressed from the posterior to anterior regions, which 
may be expected since the epithelial plug was first eliminated from the posterior wound, 
and scar tissue re-orientation may therefore begin in the first 'matured', posterior regions. 
However, an asymmetrical re-organization of the scar was also found in sutured wounds. 
Although stromal healing would be expected to start simultaneously in all wound regions 
after sutured apposition of the wound edges, recovery of lamellar continuity started in the 
anterior regions and progressed in a posterior direction (chapters 5.2 and 5.3). These 
findings may indicate that the stromal healing response is characterized by a time-related, 
biphasic scar tissue organization, irrespective of the type of wound. 
Since (myo)fibroblasts may align to predominant stress forces within a tissue, cell 
re-orientation from a random distribution toward an orientation along the wound edges 
has been postulated to result from a shift in stress force distribution during healing.23 This 
hypothesis is not supported by the re-orientation of fibroblasts across sutured wounds, 
because all stress forces across these wounds are eliminated by the sutures. However, this 
comparison between unsutured and sutured wounds may not be valid, since we do not 
know whether scar tissue re-orientation in both types of wound results from the same or 
different mechanisms. Alternatively, cell re-activation during re-orientation (chapter 5.3) 
may suggest that cell re-orientation is mediated by chemotactic stimuli. Apparently, the 
factor(s) responsible for cell re-orientation can be "reversed": unsutured wounds that were 
reopened and sutured in a secondary operation, obtained sutured wound healing 
characteristics (chapter 6). The interruption of ineffective unsutured wound remodeling 
after reoperation, may therefore suggest that it is not a biochemical factor present within 
the wound, but rather a mechanical factor that relates to the changes in cell orientation 
during stromal healing. 
It is tempting to extrapolate the wound healing morphologic features in monkeys to 
those in humans. In both models, several keratotomy wound healing stages could be 
distinguished (Figure 1), which possibly represent sequential healing phases. In monkeys, 
complete elimination of the plug appeared to be associated with early transverse scar 
tissue orientation over the entire wound depth [phase Monkey (M)l; Figure 1], and 
subsequent re-orientation of the posterior scar tissue parallel to the wound (phases M2 and 
M3; Figure 1) (chapters 5.2 and 5.3). In humans, pseudo-lamellar wound restoration was 
found directly underneath the plug, while scar tissue in deeper regions was organized 
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parallel to the wound [phases Human 
(H)l, H2 and H3; Figure 1] (chapter 
4.3). Despite the difference in healing 
rate, humans and monkeys eventually 
showed a similar unsutured wound 
morphology (phase M4/H4; Figure 1), 
with pseudo-lamellar continuity across 
the anterior regions and disorganization 
of scar tissue in the mid-posterior regions 
(chapter 4.2). In the monkey wounds, the 
rate of epithelial plug elimination may 
have exceeded the rate of fibroblast re­
orientation. If cell re-orientation does 
also occur in humans, elimination of the 
plug apparently did not exceed fibroblast 
re-orientation, possibly due to the slower 
healing rate in humans. If so, epithelial 
plug elimination and the biphasic 
fibroblast response may not be 
recognized as two separate phases and 
transverse fibroblast orientation over the 
entire wound depth may never occur in 
human keratotomy wounds. 
It could not be determined 
whether human keratotomy wound 
morphology, observed at a single 
postoperative time interval, reflected a 
static or a dynamic phase in the process 
of epithelial plug elimination. All 
specimens had incisions containing a 
superficial epithelial plug, which may 
suggest relatively rapid mid-posterior 
stromal healing, but ineffective healing in 
the anterior stroma. If so, the plugs 
suggest that the anterior stroma has 
different intrinsic healing qualities than 
the mid-posterior stroma. If the plugs are 
persistent, i.e., if they reflect a static phases, wound morphology may relate better to 
predisposed healing capacities of individual corneas, rather than to postoperative time. 
The presence of subepithelial pseudo-lamellar repair underneath an epithelial plug 
may be expected to have an effect on the stress bearing qualities of an individual 
wound.24·25 These properties may be hypothesized to vary with the depth of the epithelial 
















Figure 8: Diagrammatic representation of the 
observed unsutured-wound healing stages, and their 
hypothetical relationship as sequential healing 
phases in humans and monkeys. Epithelial plug 
elimination may exceed the biphasic fibroblast 
response in monkeys, but not in humans, due to a 
difference in healing rate between species. Both 
models eventually show an asymmetrical unsutured 
wound morphology, with a transverse scar tissue 
organization restricted to the anterior keratotomy 
wound. Compare stages Monkey (M)I to M3 to 
Figure 2a-c of chapter 5.2, and stages Human (H)l 
to H3 to Figure la-c of chapter 4.3, and stage 
M4/H4 to Figure 1 of chapter 4.2. See text. 
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epithelial plug depth and thickness of pseudolamellar repair due to individual wound 
healing responses,1'26 may relate to the clinical extremes in refractive effect, i.e., 
undercorrections and overcorrections (chapter 4.3).27 Extreme differences in healing 
among the incisions within the same cornea may result in a different contribution of each 
of the incisions to the refractive effect, and may relate to induced astigmatism after RK 
(chapter 4.3).27 Re-orientation of scar tissue from an early transverse into a late sagittal 
orientation may be speculated to result in weakening of the scar and a concomitant 
increase in refractive effect.24·25 In combination with scar tissue contraction along the 
length of the wounds (chapter 5.1), long-term remodeling of the scar may therefore form 
a potential histopathological substrate for a shift in hyperopic direction following radial 
keratotomy (chapter 4.3 and 5.1).27 
Our studies show that the epithelium plays a major role in scar tissue organization, 
and therefore eventual unsutured corneal wound restoration. Comparison with sutured 
wounds suggests that asymmetry in healing is a normal phenomenon in corneal wound 
healing, but that early epithelial ingrowth may "reverse" the biphasic scar tissue 
orientation during healing. In early phases, fibroblasts may align to template-structures 
present within the wound, i.e. alignment to the wound edges in sutured wounds, and 
alignment to the epithelial plug in unsutured wounds. In later phases, possibly after 
reactivation, the cells re-orient over a 90 degree angle into a transverse orientation across 
sutured wounds, and a sagittal orientation in (mid-posterior) unsutured wounds. Although 
cell reorientation in both types of wounds may result form different mechanisms, it is 
unclear what factor(s) may induce cell re-orientation. Apparently, the deteriorating effect 
of this factor(s) on keratotomy wound remodeling can be interrupted by reopening and 
suturing of the wounds. Since fibroblast orientation appears to determine collagen fiber 
orientation and therefore quality of eventual stromal wound repair, isolation and 
modification of the factor(s) responsible for cell re-orientation may provide a more 
complete type of keratotomy wound healing. 
References 
1. Waring GO: Summary of factors that affect the outcome of refractive keratotomy. In: Waring 
GO (ed): Refractive keratotomy for myopia and astigmatism. St Louis: CV Mosby Co, 
1992;991-999. 
2. Salz JJ, Lee JS, Jester JV, et al: Radial keratotomy in fresh human cadaver eyes. Ophthalmology 
1981;88:742-746. 
3. Jester JV, Venet T, Lee J, et al: A statistical analysis of radial keratotomy in human cadaver 
eyes. Am J Ophthalmol 1981;92:172-177. 
4. Salz JJ, Lee T, Jester JV: Analysis of incision depth following experimental radial keratotomy. 
Ophthalmology 1983;90:655-659. 
5. Berkeley RG, Sanders DR, Piccolo MG: Effect of incision direction on radial keratotomy 
outcome. J Cataract Refract Surg 1991;17:819-823. 
6. Flanagan GW, Binder PS: The effect of incision direction and experience on visual outcomes in 
a population of radial keratotomy patients. Invest Ophthalmol Vis Sci 1993;34(suppl):524. 
7. Casebeer JC, Shapiro DR: Blade designed for improved safety and accuracy in radial 
keratotomy. J Cataract Refract Surg 1993;19:314. 
8. Assil KK, Kratz-Owens K, Schanzlin DJ, et al: Microscopic analysis of American, Russian and 
Genesis style radial keratotomy incisions. Invest Ophthalmol Vis Sci 1993;34(suppl):2641. 
204 Chapter 7 
9. Ousley PJ, Terry ΜΛ: Incision depth in RK: is it the knife of the technique that counts? Invest 
Ophthalmol Vis Sci 1994;35(suppl):196. 
10. Waring GO, Gordon JF, Lee PA, et al: A comparison of the Duotrack™ blade technique and the 
Russian technique in prospective multicenter clinical studies of refractive keratotomy for myopia 
and astigmatism. Invest Ophthalmol Vis Sci 1994;35(suppl):1788. 
11. Franks S: Radial keratotomy undercorrections: a new approach. J Refract Surg 1986;2:171-173. 
12. Buzard KA: Deepening of incisions after radial keratotomy using the "tickle'-technique. Refract 
Corneal Surg 1991;7:348-355. 
13. Waring GO: Repeated surgery for residual myopia and hyperopia after refractive corneal 
surgery. In: Waring GO (ed): Refractive keratotomy for myopia and astigmatism. St. Louis: CV 
Mosby Co, 1992:641-668. 
14. Assil KK, Parks RA, Kratz-Owens K, et al: The undercut technique of radial keratotomy: a 
comparison to the combined technique. Invest Ophthalmol Vis Sci 1994;35:198. 
15. Mendelsohn AD, Parel JM, Dennis IJ, et al: Intraocular pressure during radial keratotomy. J 
Refract Surg 1987;3:79-103. 
16. Olsakovsky LA, Bowyer BL, Fouraker BD, et al: Corneal sectility in radial keratotomy as a 
function of intraocular pressure. Invest Ophthalmol Vis Sci 1993;34(suppl):2651. 
17. Vito RP, Shin TJ, McCarey BE: A mechanical model of the comea: the effects of physiological 
and surgical factors on radial keratotomy surgery. Refract Corneal Surg 1989;5:82-88. 
18. Werblin TP, Stafford GM: The Casebeer system for predictable keratorefractive surgery. 
Ophthalmology 1993;100:1095-1102. 
19. Binder PS: What we have learned about corneal wound healing from refractive surgery. Refract 
Corneal Surg 1989;5:98-120. 
20. Binder PS, Wickham MG, Zavala EY, et al: Corneal anatomy and wound healing. In: Trans 
New Orleans Acad Ophthalmol. St. Louis: CV Mosby, 1980:1-35. 
21. Coal well KA, Binder PS: High voltage electron microscopic analysis of wound healing after 
human radial keratotomy. Invest Ophthalmol Vis Sci 1988;29(suppl):280. 
22. Oster GF, Murray JD, Harris AK: Mechanical aspects of mesenchymal morphogenesis. J 
Embryol Exp Morph 1983;78:83-125. 
23. Petroli WM, Cavanagh HD, Barry Ρ, et al: Quantitative analysis of stress fiber orientation 
during corneal wound contraction. J Cell Science 1993;104:353-363. 
24. Viola RS, Kempski ΜΗ, Nakada S, et al: A new model for evaluating corneal wound strength in 
the rabbit. Invest Ophthalmol Vis Sci 1992;33:1727-1733. 
25. Hjortdal JO: Influence of radial keratotomy on the regional mechanical performance of the 
human cornea. Invest Ophthalmol Vis Sci 1994;35:1790. 
26. Jester JV, Villaseñor RA, Schanzlin DJ, et al: Variations in corneal wound healing after radial 
keratotomy: possible insights into mechanisms of clinical complications and refractive effects. 
Cornea 1992;11:191-199. 
27. Rashid ER, Waring GO: Complications of refractive keratotomy. In: Waring GO (ed): Refractive 
keratotomy for myopia and astigmatism. St Louis: CV Mosby Co, 1992:863-936. 
Summary 205 
Summary 
In chapter 1, the history of radial keratotomy (RK) is described. At the end of the 
nineteenth century, keratotomy incisions were used to correct large amounts of 
astigmatism after cataract surgery. After the introduction of posterior keratotomy incisions 
for the treatment of keratoconus, an antero-posterior RK technique was developed in 
Japan during the 1950's, to correct myopia. Because of the complications encountered 
with endothelial damage, RK procedures with anterior incisions only were re-introduced 
at the end of the 1960's in the Soviet Union. One decade later, the technique was 
popularized in the United States. Although the instrumentarium improved, no standardized 
technique has been developed, and unpredictability of refractive outcome, visual 
fluctuation, and progression of effect after RK are considered to be imperfections of the 
technique, that are partially due to variable incision dimensions, and an incomplete, 
"delayed" type of wound healing. 
In chapter 2.1 through 2.4, corneal development, anatomy, biochemistry, 
physiology and topography as applied to RK are presented. An overview of the current 
knowledge on incisional corneal wound healing is given in chapter 2.5. Wound healing 
was arbitrarily divided in four phases (tissue damage, tear fílm influx, epithelial ingrowth, 
and stromal scar formation). Stromal wound healing is discussed for different types of 
wounds and different models. Most previously performed research has concentrated on 
perforating and nonperforating corneal wounds in rabbits. However, wound healing in the 
rabbit model may only be partially representative for that in humans, whereas monkeys 
may better compare to humans. At the end of chapter 2.5, the effect of sutures and 
wound apposition on wound healing is discussed. 
In chapter 3.1 and 3.2, a monkey model and a human cadaver eye model are 
used to show that centripetal RK incisions made with the perpendicular blade edge of the 
diamond knife, obtain greater depth than centrifugal incisions made with the oblique blade 
edge, when the same diamond knife and blade setting were used, by the same surgeon, in 
the same cornea. A smaller optical clear zone in the posterior stroma than marked on the 
corneal surface was created with centripetal incisions. Predictability of achieved depth 
was better for centripetal than centrifugal incisions, since the depth of the latter incisions 
varied with the (artificially elevated) intraocular pressure. In chapter 3.3, it is shown that 
in a human cadaver eye model, 80% of the corneal curvature change with a four-incision 
RK pattern can be achieved with a three-incision pattern, that will theoretically better 
preserve stability of the corneal structure. 
In chapter 4.1, it is shown that, in a monkey model, keratotomy dimensions and 
wound healing morphology vary with the incisions' location, orientation, direction and 
postoperative time. Superior transverse incisions healed faster than inferior incisions. 
Transverse incisions deviated toward the limbus, whereas radial incisions have an 
orientation perpendicular to the corneal surface. Centrifugal incisions showed advanced 
healing as compared to centripetal incisions, which may be explained by a greater depth, 
and therefore a relative early wound healing morphology of the latter incisions. In 
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chapter 4.2, regional variation in healing over the depth of long-term keratotomy 
incisions is described. Human and monkey specimens showed a transverse scar tissue 
organization, i.e., pseudo-lamellar repair across the anterior region, but a lack of scar 
tissue organization in the mid and posterior regions of the same wound. Four theories are 
presented to explain the different healing response between the anterior and mid-posterior 
stroma: (1) differences in healing rate over the depth of the cornea, (2) mechanical factors 
associated with epithelial plug elimination, i.e., cell-directive factors and stress 
distribution within the wound area, (3) differences in healing properties among the 
stromal layers, and (4) the induction of subepithelial, pseudo-lamellar repair by the 
epithelium. The latter theory is supported by the histological analysis of keratotomy 
wounds as is described in chapter 4.3. In RK wounds that still contained an epithelial 
plug, variable degrees of pseudo-lamellar repair were seen underneath the inferior border 
of the plug, irrespective of its stromal depth. At the epithelial-stromal interface a 
duplicated basement membrane meshwork and a Bowman's layer-like area were found. 
The possible relationships between regional variation in healing throughout keratotomy 
wounds and clinical undercorrections, overcorrections, induced astigmatism, and 
progression in refractive effect after RK are discussed in this chapter. 
In chapter 5.1, wound healing morphology of unsutured and sutured wounds is 
compared in human keratotomy and corneal transplant specimens, and in monkeys. 
Unsutured wounds showed scar tissue organization parallel to the mid-posterior wound, 
whereas a recovery of lamellar continuity was seen in sutured wounds. It is hypothesized 
that early epithelial plug formation acts as an incarceration within the wound, and 
contributes to an ineffective scar tissue organization. An explanation for the differences in 
wound healing morphology between unsutured and sutured wounds is described in 
chapters 5.2 and 5.3. In these chapters, the histological and immunohistochemical 
analysis of unsutured wound healing morphology is compared to that of sutured wounds, 
in a monkey model. In early phases of healing, unsutured wounds showed a transverse 
scar tissue organization across the entire wound, whereas sutured wounds had an overall 
scar tissue organization sagittal to the wound. In later phases, unsutured wounds showed a 
re-orientation of scar tissue from a transverse into a sagittal orientation, progressing from 
the posterior to anterior regions. In sutured wounds, a transverse scar tissue organization 
was established from the anterior to posterior regions. Therefore, sutured wounds healed 
more slowly but obtained pseudo-lamellar repair over time, whereas near anatomical 
repair in early unsutured wounds was followed by ineffective remodeling. 
In chapter 6, the effect of reopening and suturing on keratotomy wound healing 
is described. Reopened and sutured (RAS) wounds showed a healing pattern similar to 
that of sutured wounds, although RAS wounds appeared to heal faster. The apparent 
interruption of ineffective unsutured wound remodeling in RAS wounds suggests that 
reoperations of keratotomy wounds could be effective in the treatment of overcorrections 
after RK. The myopic shift initially induced by sutured wound apposition, i.e., reduced 
wound gaping, may theoretically be sustained by scar tissue organization and/or 
contraction across the wound. 
In chapter 7, it is discussed how the finding of the difference in depth with 
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keratotomy incision direction has led to the development of a bidirectional incision 
technique, that combines the safer centrifugal incision technique with the more effective 
centripetal incision technique. It is described how the creation of a smaller posterior than 
anterior optical clear zone (the Undercut-technique), that is currently being performed 
purposefully in experimental models, was found to add to the corneal curvature change 
obtained. The morphological and immunohistochemical data on keratotomy wounds in 
humans and monkeys is integrated to present a theory on the sequence of events in 
unsutured corneal wound healing. It is concluded that the epithelium has a major role in 
the development of regional variation in healing throughout keratotomy wounds, as well 
as fibroblast directive factors, a time-related scar tissue re-organization, and possibly 
different intrinsic healing properties among the stromal layers. 
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Samenvatting 
In hoofdstuk 1 wordt de geschiedenis van de radiaire keratotomie (RK) 
beschreven. Tegen het einde van de vorige eeuw, werden keratotomie incisies toegepast 
ter correctie van fors astigmatisme na cataractextracties. Na de introductie van posterieure 
incisies voor de behandeling van keratoconus, werd in de vijftiger jaren een antero-
posterieure RK techniek ontwikkeld in Japan, voor de behandeling van bijziendheid. Aan 
het eind van de zestiger jaren werd opnieuw begonnen met RK operaties, hoewel nu 
alleen met gebruik van antérieure incisies, daar de posterieure incisies door 
endotheelschade onacceptabel bleken. Aan het eind van de zeventiger jaren, werd de RK 
geïntroduceerd in de Verenigde Staten. Hoewel de kwaliteit van het instrumentarium 
verbeterde, bleef standaardisatie van de operatie uit. De onvolledig voorspelbare refractie-
verandering, visus-wisselingen over de dag, en soms langzame toename van het 
refractieve effect richting hypermétropie, worden beschouwd als de voornaamste 
tekortkomingen van RK, welke deels worden toegeschreven aan variabiliteit in incisie-
dimensies en een onvolledige, "vertraagde" vorm van wondgenezing. 
In hoofdstuk 2.1 tot en met 2.4 worden de corneale embryologie, -anatomie, -
biochemie, -fysiologie, en -topografie beschreven voor zover relevant voor dit 
proefschrift. Een overzicht van de huidige kennis van corneale wondgenezing na 
incidering wordt gegeven in hoofdstuk 2.5. Het wondgenezingsproces werd arbitrair 
verdeeld in vier fasen (weefseldisruptie, traanfilm-invloed, epitheliale ingroei, en stromale 
littekenvorming). Bij het stromale herstel werd onderscheid gemaakt tussen 
littekenvorming in verschillende wondtypen en verschillende species. Het leeuwedeel van 
de voorheen verrichte onderzoekingen spitste zich toe op de wondgenezing in 
perforerende en niet-perforerende corneale wonden bij konijnen. In tegenstelling tot apen, 
is echter de wondgenezing bij konijnen waarschijnlijk beperkt representatief voor dat bij 
de mens. Aan het eind van hoofdstuk 2.5 wordt de invloed van hechtingen en 
wondappositie op de wondgenezing besproken. 
In hoofdstuk 3.1 en 3.2 wordt aangetoond dat, in apen en humane post-mortem 
comea's, centripetale RK incisies gemaakt met de verticale snijrand van het diamantmes, 
een grotere incisie-diepte bereiken dan de centrifugale incisies gemaakt met de schuine 
snijrand, als hetzelfde mes met dezelfde lemmetdiepte-instelling wordt gebruikt door 
dezelfde operateur, in dezelfde cornea. Centripetale incisies creëerden een kleinere 
optische vrije zone in het posterieure stroma dan aanvankelijk gemarkeerd op het comea-
oppervlak. De bereikte diepte was beter voorspelbaar bij centripetale dan centrifugale 
incisies, daar de diepte van de laatste incisies varieerde met de (kunstmatig verhoogde) 
intraoculaire druk. In hoofdstuk 3.3 wordt aangetoond dat in humane post-mortem 
comea's, 80% van de corneale krommingsverandering door een vier-RK incisie patroon 
bereikt kan worden met een drie-incisie patroon, dat theoretisch een betere corneale 
stabiliteit geeft. 
In hoofdstuk 4.1 wordt beschreven hoe de dimensies en de wondgenezing van 
keratotomie incisies varieerde met de locatie, de oriëntatie, de richting en de 
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postoperatieve tijd van de incisies. Transversale incisies in de corneale bovenquadranten 
genazen sneller dan die in onderquadranten. In tegenstelling tot de loodrechte oriëntatie 
tot het comeaoppervlak van radiaire incisies, devieerden de transversale incisies naar de 
limbus. Centrifugale incisies toonden een latere fase in wondgenezing dan centripetale 
incisies, wat mogelijk kan worden verklaard door de grotere incisie-diepte en daardoor 
relatief vroegere wondgenezingsmorfologie van de centripetale incisies. In hoofdstuk 4.2 
wordt de variatie in genezing over de diepte van keratotomie wonden beschreven. 
Humane- en apenpreparaten vertoonden een pseudo-lamellair herstel, d.w.z. transversaal 
littekenweefsel over het antérieure wondgedeelte, maar een desorganisatie van het 
littekenweefsel in de midden en posterieure gedeelten van dezelfde wond. Vier theorieën 
worden naar voren gebracht ter verklaring van het verschil in genezing tussen het 
antérieure en mid-posterieure stroma: (1) een verschil in wondgenezingssnelheid over de 
diepte van de wond, (2) mechanische factoren gerelateerd aan de eliminatie van de 
epitheliale ingroei, zoals cel-geleidende factoren en de spanningskrachtverdeling binnen 
het wondgebied, (3) verschillen in genezings-eigenschappen tussen de stromale lagen, en 
(4) de inductie van subepitheliaal, pseudo-lamellair herstel door het epitheel. De 
laatstgenoemde theorie wordt ondersteund door de histologische analyse beschreven in 
hoofdstuk 4.3. In RK wonden die een epitheliale ingroei vertoonden, werd een in dikte 
variërend pseudo-lamellair herstel gezien aan de onderzijde van de epitheliale ingroei, 
onafhankelijk van de diepte van de epitheliale ingroei. De overgang van epitheel naar 
stroma werd verder gekenmerkt door een dubbele basaalmembraan, en een op Bowman's 
membraan lijkende zone. Verder wordt in dit hoofdstuk de mogelijke relatie besproken 
tussen variatie in genezing over keratotomie wonden en de klinisch waargenomen 
ondercorrecties, overcorrecties, geïnduceerd astigmatisme, en toename in refractief effect 
naRK. 
In hoofdstuk 5.1 wordt de wondgenezingsmorfologie tussen ongehechte en 
gehechte wonden vergeleken in humane keratotomie en corneale transplantatie preparaten, 
en in apen. Ongehechte wonden toonden een littekenweefsel organisatie parallel aan de 
mid-posterieure wond, terwijl een lamellair herstel werd gezien in gehechte wonden. Er 
wordt verondersteld dat de vroege epitheliale ingroei functioneerde als een leidraad voor 
de ineffectieve organisatie van het littekenweefsel. Een verklaring voor de verschillen in 
genezing tussen ongehechte en gehechte wonden wordt beschreven in hoofdstukken 5.2 
en 5.3. Hier worden de histologische en immunohistochemische analyses van de 
wondgenezingsmorfologie in ongehechte wonden vergeleken met die in gehechte wonden. 
In de vroege genezingsfasen hadden ongehechte wonden een transversale, en de gehechte 
wonden een sagittale littekenweefsel-organisatie. In latere fasen toonden ongehechte 
wonden een heroriëntatie van het littekenweefsel van transversaal naar sagittaal, van het 
posterieure naar het antérieure wondgedeelte. De gehechte wonden toonden een 
heroriëntatie van het littekenweefsel van sagittaal naar transversaal, van het antérieure 
naar het posterieure wondgedeelte. Geconcludeerd wordt dat gehechte wonden langzamer 
genazen, maar wel een pseudo-lamellair herstel verkregen. Dit in tegenstelling tot de 
ongehechte wonden, die na een aanvankelijk lamellair herstel, een ineffectieve 
remodulering van het litteken vertoonden. 
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In hoofdstuk 6 wordt het effect beschreven van het heropenen en vervolgens 
hechten van keratotomie wonden, gedurende een tweede operatie. Heropende en gehechte 
(HEG) wonden toonden een genezingspatroon als dat in primair gehechte wonden, hoewel 
HEG wonden sneller genazen. Door de ogenschijnlijke interruptie van de ineffectieve 
remodulering in HEG wonden, werd de mogelijke effectiviteit geopperd van reoperaties in 
de behandeling van overcorrecties na RK. De myopisatie geïnduceerd door gehechte 
wondappositie, zou theoretisch kunnen worden onderhouden door de littekenweefsel-
organisatie en/of contractie dwars over de wond. 
In hoofdstuk 7 wordt gemeld dat het geconstateerde verschil in diepte met de 
incisie-richting heeft geleid tot de ontwikkeling van een bidirectionele incisie-techniek, 
waarbij de veiligere centrifugale incisie-techniek wordt gecombineerd met de efficiëntere 
centripetale incisie-techniek. De opzettelijke creatie van een kleinere posterieure dan 
antérieure optische vrije zone wordt momenteel onderzocht in experimentele projecten, 
waarbij deze "Undercut-technique" bleek bij te dragen tot een grotere corneale 
krommingsverandering. Tevens worden de morfologische en immunohistochemische 
resultaten van de keratotomie wondgenezing geïntegreerd, ter presentatie van een theorie 
omtrent de chronologische fasen in de genezing van ongehechte, corneale wonden. 
Geconcludeerd wordt, dat naast cel-directieve factoren, een tijdsgebonden heroriëntatie 
van het littekenweefsel, en mogelijke verschillen in genezingscapaciteit tussen de stromale 
lagen, het epitheel van doorslaggevende betekenis is voor het ontstaan van verschil in 
genezing over de diepte van keratotomie wonden. 
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